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ABSTRACT 
This research aims to determine the effectiveness of satellite remote sensing, in particular 
the technique of linear mixture modelling, in mapping and monitoring land degradation 
in the Jornada Basin, Southern New Mexico, USA. 
Land degradation in the Jornada area is characterised by shrub encroachment, 
deterioration of soil resources (i. e. increased erosion, changes in soil texture, and 
decreases in soil nutrient status and water-holding capacity) and often a reduction in 
vegetation cover. 
In this research, linear mixture modelling, regression models, and spectral vegetation 
indices are applied to Landsat TM imagery in order to assess their utility for mapping 
and monitoring land degradation. Linear mixture modelling has been used to estimate the 
proportions of green vegetation, dry vegetation, shade, and soils. The results of this study 
indicate that mixture modelling is a reasonably accurate technique to measure these 
materials. The correlation of the field-measured and model-estimated green vegetation, 
dry vegetation, and total vegetation proportions are 0.93,0.86, and 0.93 respectively. 
Moreover, the results of mixture modelling improve when the shade element is removed. 
In contrast, many of the correlations between vegetation indices and the various 
vegetation parameters are not significant or result in low R2 values. Indeed many of 
SVIs' R2 values are even lower than those provided by regressions of the field data to 
individual TM spectral bands. 
The application of mixture modelling to multiple-date imagery suggest that mixture 
modelling can identify successfully the patterns and the extent of extreme change and 
thus shows potential for monitoring of rangeland resources. Furthermore, the maps of 
vegetation and soil types provided by mixture modelling have been manipulated to 
estimate the shrub to grass ratio, a soil degradation index, and an index that combines 
both these indicators of land degradation. These indices have been found to be more 
sensitive to change than any of the individual mixture maps. 
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1.1 AIM AND OBJECTIVES 
This research aims to determine the effectiveness of satellite remote sensing, in particular 
the technique of linear mixture modelling, in mapping and monitoring land degradation 
in the Jornada Basin, Southern New Mexico, USA. 
In order to achieve this aim, two general objectives have been developed. First, remote 
sensing approaches for mapping surface characterisation of land degradation phenomena 
are compared and developed. Secondly, the feasibility and the potential for change 
detection of land-degradation processes are assessed through time on a regional scale 
using a time-series of satellite images. Data from the Landsat Thematic Mapper (TM) 
have been used for this purpose. 
However, in order to determine what aspects of the surface characterisation of the 
degraded ecosystem may benefit most from the use of remote sensing, and thus precisely 
define the specific tasks of this research, it is necessary to review both the current 
knowledge of land degradation generally and specifically with respect to the Jornada 
landscape. The next section introduces several useful concepts in the study of land 
degradation. 
- 20 - 
CHAPTER 1 INTRODUCTION 
1.2 CONCEPTS OF LAND DEGRADATION 
In the International Desertification Convention (United Nations, 1994), land degradation 
is defined in terms of a reduction or loss of biological or economic productivity resulting 
from land use or from human activities and habitation patterns. The Convention 
specifically includes soil erosion by wind or water, deterioration of the physical, 
chemical, and biological or economic properties of soil, and long term loss of natural 
vegetation. 
The term land degradation is used to describe the results of deteriorating processes 
(Mainguet, 1991). Land degradation may also be defined as the loss of utility or potential 
utility or the reduction, loss or change of features or organisms which cannot be replaced 
(Barrow, 1991). Some definitions of land degradation (e. g. UNEP, 1992) suggest that 
degradation is the result of irreversible changes, reflecting loss of ecosystem resilience. 
Land degradation is a landscape-scale phenomenon that may be observed by comparing 
data over periods of time (Lal et al., 1989). Land degradation may also be understood as 
a socially constructed problem resulting in some cases from anthropic causes or socially 
controlled activities (Graetz, 1996). It is the social dimension of the land-degradation 
problem that determines what information is required from the application of remotely 
sensed data and how that information is communicated to prospective beneficiaries 
(Mclvor et al., 1994). 
Land degradation is essentially a human rather than a physical problem and arises when 
land use does not match land capability (Pickup and Chewings, 1996). It therefore can 
not be identified and assessed without knowledge of land use development and its social 
background. A review of global perspectives of land degradation in the following 
subsection provides an illustration of how this landscape-scale phenomenon has 
developed and what social causes it has at its root. 
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1.2.1 Global Perspectives of Land Degradation 
Land degradation is a global environmental problem, which exists on all the continents. 
The increasing deterioration in the state of our environment during recent decades is 
often seen as a direct consequence and/or side effect of development. 
1.2.1.1 Consequences of Development 
Land degradation is an ancient problem that may be traced back to the time when 
humans first controlled the use of fire. Through the millennia, control of fire has given 
humankind access to an increasingly wide range of habitats and encouraged a more 
intensive use of local resources. With the advent of the agricultural revolution, control 
over local habitats and the pressures upon them were accelerated. Both the intensity and 
spatial scale of human land use and degradation increased. Moreover, the industrial 
revolution with its increasingly powerful technology has brought along a new array of 
environmental problems, often far removed spatially from the initiators of degradation 
processes. While environmental problems are usually not an intended outcome of human 
activity, near-space, atmospheric, marine and terrestrial environments have suffered and 
continue to suffer degradation. For instance, desertification, a subset of land degradation 
in arid, semiarid, and dry sub-humid areas, is one of the most serious degradation 
problems in terrestrial environments (UNEP, 1992). 
It is implied that initiation and propagation of land degradation are essentially due to 
interactions between fragile ecosystems and societal systems. In particular, human- 
induced activities within a societal system often reveal the fact that land use stretches the 
available resources past the level physical environments seem capable of supporting. 
Land degradation is made manifest by intricate steps of vegetation change and soil 
deterioration, which result in an irreversible decrease or total destruction of the 
biological potential of the land and its ability to support population. 
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1.2.1.2 A Topic of Increasing Concern 
Land degradation, mainly in the form of soil erosion and loss of vegetation cover, has 
become a subject of increasing concern. For instance, the severity and widespread 
occurrence of land degradation in drylands in the form of desertification, was formally 
recognised for the first time in 1977 at the United Nations Conference on Desertification 
(UNCOD) thus raising world awareness of the causes and effects of this phenomenon. 
Desertification is considered to be a process that affects large areas of the globe and, as 
such, its investigation must be considered an integral part of the global change research 
programme. 
Several reasons led scientists to focus their research on desertification. One of them is 
the fact that desertified lands occupy a significant percentage of the Earth's surface. 
Roughly 35% of the world's total land surface may be classed as drylands. These have 
the potential to become desertified lands (Barrow, 1994). Moreover, millions of people 
inhabit these lands or depend upon them for a living. The considerable rate of 
demographic growth in these regions generally implies added pressures on the 
environment. 
1.2.1.3 A growing problem 
Land degradation is a growing problem in many regions of the world including sub- 
Saharan Africa, the Middle East, Western Asia, Northern Mexico, South-eastern South 
America, Western United States, the prairies of Canada, and Eastern Australia (Figure 
1.1). The Earth's drylands are found in more than 110 nations, and moderate to severe 
land degradation has reduced the productivity of more than 70% of these areas (UNEP, 
1992). The remaining drylands are considered susceptible to degradation. UNCOD stated 
that as of 1992 desertification affects 70% of the world's drylands (3.6 billion hectares) 
or nearly a quarter of the total land area of the planet (UNEP, 1992). 
In particular, much of the land west of the ninety-eighth meridian in the United States is 
and (Sheridan, 1986). By arid, Sheridan means drylands including arid, semi-arid, and 
sub-humid ecozones with three major deserts - the Sonoran, Mojave and Great Basin - as 
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well as part of the Chihuahuan desert and six major river basins: Columbia, Snake, 
Sacramento, San Joaquin, Colorado, and Rio Grande. Dregne (1977) calculated that 2.85 
million km2 (36.8% of the continent's and lands) are prone to severe land degradation. 
Some 27,200 km2 have already undergone very severe land degradation. 
Figure 1.1 The UNEP Dryland Degradation map (UNEP, 1992). 
1.2.1.4 Effects of land degradation 
The symptoms of and and semi-arid land degradation vary from region to region, but 
have been generally considered to include loss of productive native vegetation and 
erosion of soil surfaces by wind and water (Rapp and Hellden, 1979; Reining, 1978; 
Mabbuttt, 1978; Sheridan, 1981). In general, the disappearance of vegetation and topsoil 
then trigger a number of other problems such as: 
1) Reduced seed germination of native plants, 
2) Increased surface runoff and stream discharge, 
3) Reduced water infiltration and groundwater recharge, 
4) Development of erosional gullies and sand dunes, 
5) Drying up of wells and springs, and 
6) Changes in the surface microclimate enhancing aridity (Dregne, 1977). 
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About seven per cent of the world's soils are more and than would be expected in their 
normal climatic conditions (Eckholm, 1976). Similarly, some nine per cent of the 
World's vegetation cover shows signs of imbalance (Heathcote, 1983). Changes in 
vegetation and soils have occurred over large areas of South Western USA, for example, 
in the Sonora and Chihuahuan deserts and in deserts on other continents of the World 
(Milchunas and Lauenroth, 1993) where semi-arid grasslands have been replaced by 
shrubs. As a result, over the last 100 years the Chihuahuan desert has become perceptibly 
more barren, even though these areas have been known as deserts for a very long time 
(Sheridan, 1981). 
The Chihuahuan desert, as shown in Figure 1.2, extends from South central New 
Mexico, USA to the state of Zacatecas, Mexico, comprising 36% of the North American 
desert land area (MacMahon and Wagner, 1985). In the borderlands of the USA and 
Mexico, agriculture, pastoralism, urbanisation, industrialisation, and other growing 
anthropic activities are interacting with long-term climate change and inter-annual 
climate variability to accelerate land degradation (Dregne, 1977; Sheridan, 1981; 
Schlesinger et al., 1990). 
1.2.2 Main Sources and Significance of Jornada Ecosystem Degradation 
The Jornada ecosystem, located at the Northern end of the Chihuahuan desert, is 
characterised by the progressive destruction of its vegetation cover and soil resources. 
The Jornada ecosystem includes various types of habitat, located within New Mexico 
State University's Chihuahuan Desert Rangeland Research Centre (25,900 ha) and the 
adjacent lands of the USDA Jornada Experimental Range (78,266 ha). The records of the 
field works in the habitats under the Jornada Long-Term Ecological Research (LTER) 
indicate that during the last century invasive xerophytic shrub communities have 
replaced perennial grasslands (Gibbens and Beck, 1988; Grover and Musick, 1990; 
Schlesinger et al., 1990). The invasion and persistence of shrub dominance, as a result, 
lead to a spatial heterogeneity of soil resources (Schlesinger et al., 1990; Schlesinger and 
Peterjohn, 1991) 
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1.2.2.1 Main Sources of Jornada Ecosystem Degradation 
According to Schlesinger et al. (1990), the invasion of desert shrubs in semi-arid 
grasslands is initiated by one or more allogenic factors. Moreover, overgrazing, climatic 
change, fire suppression, and the rise in atmospheric CO2 (Humphrey 1958, Neilson 1986, 
Grover and Musick 1990, Milchunas and Lauenroth 1993, Johnson et al. 1993) combine 
with autogenic factors (i. e. the vegetation itself altering conditions) to facilitate the 
proliferation and persistence of shrubs. Autogenic factors, which operate at the patch 
scale, further contribute to the heterogeneity of vegetation cover and soil resources. On 
the whole, the transition in vegetation cover and soil resources appears to be driven by 
climatic factors and by the effects of ecologically unbalanced human interventions. 
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Figure 1.2 The location map of the Chihuahuan desert (Schmidt, 1986). The Jornada 
basin is located at the Northern end of the Chihuahuan desert. 
1.2.2.1.1 Climatic characteristics 
Severe droughts occurred in the area under study during 1916-1918,1921-1926,1934, 
1951-57, and a moderate drought took place in 1970-71 (Schlesinger et al., 1990; West, 
1993). Grasses exhibit little growth and in many instances are completely killed during 
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periods of extended drought (Gibbens and Beck, 1988). In large areas of the South 
Western United States drought drastically reduces the production of perennial grasses 
(Lohmiller, 1963). As a consequence, seedlings such as mesquite, which is well 
equipped to compete for deep ground moisture, can become established (Parker and 
Martin, 1952; Buffington and Herbel, 1965). 
1.2.2.1.2 Human interventions 
On the other hand, the demise of semi-arid perennial grasslands has been linked to 
historical overgrazing by cattle (Buffington and Herbei, 1965; Schlesinger et al., 1990; 
West, 1993). The long history of this human-induced impact is one of the major 
influences shaping a largely degraded landscape. While periodic acute high levels of 
cattle herbivory lead to a change in plant community dynamics, the exclusion of 
livestock grazing revitalises grass cover. Long-term experiments have shown that 
grasslands appear to increase when cattle stocking is excluded from areas (Schlesinger et 
al. 1990; Bahre and Shelton, 1993; Milchunas and Lauenroth, 1993; Beeskow et al., 
1995; Dregne, 1995). Vegetation cover increased from an average of 20% in 1982 to 
65% in 1992 following the exclusion of livestock grazing with the greatest recovery seen 
in the lower landscape positions dominated by grasslands (Schlesinger et al. 1990). 
1.2.2.2 Significance of Jornada Ecosystem Degradation 
The significance of Jornada ecosystem degradation could be illustrated in terms of 
indicative vegetation encroachment and deterioration of soil resources. Vegetation cover 
in the study area includes semi-arid grassland and Chihuahuan desert scrub (Kuchler, 
1964) with extensive zones of mixed desert scrub and grassland. Extensive vegetation 
changes have occurred since the turn of 20th century. In the middle of the last century the 
sandy plains and mesas were covered largely by black grama grass (Bouteloua eriopoda) 
with only occasional areas of mesquite shrubs (Prosopis glandulosa). Mesquite has 
invaded the sandy plains most vigorously. Creosotebush (Larrea tridentata) generally 
occupies the coarse gravelly soils of slopes and bajadas while tarbush (Flourensia 
cernua) usually covers the heavy bottomland soils. All shrub species, however, can be 
found on most soils. Vegetation change is associated with an increase in the ratio of 
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shrub to grass cover and a decrease in total vegetation cover (Warren and Hutchinson, 
1984). 
Land degradation is also characterised by the effects of increasing changes in soil 
resources. Deterioration of soil resources has been correlated with degradational effects 
such as increased soil erosion, changes in soil texture, and decreases in soil nutrient 
status and water-holding capacity leading to the development of islands of fertility in the 
Jornada area (Schlesinger et al., 1990). The islands of fertility -a positive feedback 
effect within the desertified habitat - are created when rainfall infiltration and its 
associated biotic activity is confined to the soil beneath shrub cover while the barren land 
around it suffers from overland flow after precipitation (Abrahams and Parsons, 1991). 
The gradual conversion of grassland to cluster-like woody perennial canopy (Archer et 
al., 1988) alters the water and nitrogen distribution patterns and has been shown to 
increase the spatial and temporal heterogeneity of the soil (Schlesinger et al., 1990). 
1.3 STUDY AREA 
The following sub-sections discuss the principal characteristics of the study area in terms 
of its climate, vegetation, geomorphology, soils, and grazing. These background data 
will be used 1) to review the current understanding of the landscape in the study area, 2) 
to determine what aspects of the landscape would benefit most from the use of remote 
sensing, and thus 3) precisely define the objectives of this research. 
1.3.1 General Information 
The study area is located in the Mexican Highland section of the Basin and Range 
physiographic province (Fenneman, 1931). The broad alluvial valleys of this province 
separate parallel north-south mountain ranges as they extend westward through Arizona 
and Nevada to the Mojave Desert of California. 
The Jornada del Muerto basin exemplifies the Basin and Range topography of the 
American Southwest. The Jornada basin is situated in south-central New Mexico, 
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approximately 40 km north-east of Las Cruces (Figure 1.3 and 1.4). It is defined by the 
line of the San Andres Mountains, San Agustin Mountains, and Organ Mountains to the 
east, the Dona Ana Mountains and Robledo Mountains to the south-west, and Point of 
Rocks to the north-west. Most of the basin is closed, with no exterior drainage. A digital 
elevation model (DEM) map of the Jornada area is shown in Figure 1.5. 
1.3.2 Climate 
1.3.2.1 Introduction 
Climatic data has been collected in the study area since 1914. Figure 1.6 shows the 
existing climate network in the Jornada area. The Jornada Experimental Range has 23 
rain gauge stations with long-term records; there are 57 weather stations (43 with 
recording rain gauges) that have been operating since 1974. The College Ranch in the 
Jornada basin has 8 stations with long term records; 10 more have been added since 
1977. 
1.3.2.2 General Information 
Generally, the climate is characterised by abundant sunshine, a wide diurnal range in 
temperatures, and low yet variable precipitation. Autumn, Winter, and Spring are dry 
seasons because much of the moisture circulating Eastward from the Pacific Ocean is 
removed as the air passes over the mountains West of New Mexico. In Summer, 
moisture-laden air from the Gulf of Mexico enters Southern New Mexico; strong surface 
heating and the up-slope flow of air cause brief though often heavy showers. 
Mean precipitation is 210 mm per year, with more than 50 percent of the precipitation 
occurring between July and September. The mean annual temperature is 15.6 °C. The 
maximum average temperature in June, the warmest month, is 36 T. Temperatures are 
coldest in January, with a maximum average of 13 T. The wind movement is greatest in 
April and May, and least in December. The greatest evaporation occurs in June, when it 
exceeds 340 mm/month, while potential evaporation averages 2350 mm annually 
(Buffington and Herbei, 1965). 
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Figure 1.3 The Jornada study area at a spatial resolution of 30 metres. The Landsat TM 
sub-scene is a false colour composite of band 7, band 4, and band 2 for red, green, and 
blue respectively. It is 1770 pixels by 1870 pixels, with a horizontal dimension of 
approximately 60 km. 
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Figure 1.4 Index map of the Jornada study area in Southern New Mexico, USA (modified 
after Gile et al., 1981). 
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Figure 1.5 The Jornada Basin digital elevation model: a composite of 24 - 7.5 minute 
USGS topographic quadrangle DEMs. The Jornada Basin is bounded on the East by the 
San Andres Mountains and by the Rio Grande River to the Southwest. The Summerford 
Mountain and the Dona Ana Mountains are in the Southern central part of the basin (map 
from Barbara Nolen, Jornada LTER). 
Aeolian :S tuay weather station 
- 31 - 
CHAPTER 1 INTRODUCTION 
1.3.2.3 Climate Parameters 
Paulsen (1956), in a study of the rainfall records of the Jornada Experimental Range, noted 
no general climatic change but found apparent groupings of dry years and wet years. These 
groupings of dry and wet years have alternated at approximately 20-year intervals. Climatic 
variability, especially, precipitation variability within a specific area constitutes a critical 
environmental condition affecting the stability of vegetation cover and soil conditions in the 
area. Since precipitation in any particular location is subject to seasonal changes, 
precipitation variations in the area should be assessed on a monthly basis. 
The mean monthly precipitation (M) can be used to illustrate temporal variability (Figure 
1.7). For example, over the three-year period from 1994 to 1996 the mean monthly data 
collected by the Jornada Experimental Range (JER) shows September as the most variable 
month with the highest precipitation. In contrast, March is the most stable and driest month. 
The March rainfall data are less dispersed than those of the remaining months. During the 
rainy season at JER, which generally starts in June and ends in September-October, a large 
increase is evident in the temporal variation of rainfall data. The increase results from 













Figure 1.7 Mean monthly rainfall data collected 
Headquarter in Jornada Experimental Range (JER) 
Jornada LTER). 
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Two common statistical indicators are introduced here to gauge spatial precipitation 
variability: 1) Standard Deviation (a) and 2) Coefficient of Variation (CV). As with 
mean monthly precipitation, an increase in precipitation variability triggers an increase in 
both SD and CV. Table 1.1 provides a combined illustration of monthly and annual 
precipitation variability in three different data recording stations: USDA Jornada Ranch 
Headquarter (JER), LTER Weather Station (WS) and LTER Upper Trailer (UT). 
The values posted by WS are consistently lower than those from the other areas. In 
contrast, the JER and WS values appear to be similar in range. However, on close 
observation, the lower value of 6 and CV at WS, surely points to less variable annual 
precipitation than at JER. Since relatively more dispersed variables have higher 
coefficients of variation, it is safe to conclude that UT has the most variable rainfall 
among the three stations. 
Table 1.1 Three statistical measures used to assess precipitation variability (data from 
Jornada LTER). 
JER: Jornada Experimental Range; WS: USDA Jornada LTER Weather Station; UT: LTER Upper Trailer 
M: Mean annual precipitation; 6: Standard deviation; CV: The coefficient of variation 
In years of heavier rainfall, a rich growth of annuals may cover extensive areas with a 
green carpet. Extremes of moisture conditions affect the flora. In contrast, the ephemeral 
growth may be very much reduced or even absent and many of the drought-deciduous 
perennials may fail to appear in years of exceptionally low rainfall. The dryness of the 
climate causes the xerophytic vegetation to adopt numerous strategies for water 







M 302 254 323 
6 231 160 281 
CV 0.76 0.63 0.87 
Range: WS: US DA Jornad a LTER Weather Station: 
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The existence of a caliche layer in the soil acts as a barrier to moisture loss, giving rise to 
long term moisture availability to plants during dry seasons if their roots can penetrate it 
(Conley and Conley, 1984). Water conservation methods by the flora are important in 
light of the five severe droughts that have occurred at the site in the last 100 years (Van 
Cleve and Martin, 1991). At the other extreme, usually at least once a year a series of 
convectional storms can leave surface water in the playa. When this happens a number of 
species, not normally active, can take advantage of the moisture conditions and flourish 
for a short time. 
1.3.3 Vegetation 
1.3.3.1 Vegetation Species 
Vegetation may be subdivided into various combinations of species growing together. 
The vegetation of the study area is composed of semiarid grassland and Chihuahuan 
desert scrub (Kuchler, 1964) with extensive zones of mixed desert scrub and grassland 
(Figure 1.8). The dominant perennial grasses of the Chihuahuan Desert are C4 species 
that require relatively high night-time temperatures to produce new growth. They are 
primarily tobosa grass (Hilaria mutica), several species of grama (Bouteloua spp. ), three- 
awns (Aristida spp. ), dropseeds (Sporobolus spp. ), burrograss (Scleropogon brevifolius), 
and several species of muhly (Muhlenbergia spp. ) (Buffington and Herbei, 1965). 
Tobosa grass and burrograss are the two dominant grasses at the study sites (Donart et 
al., 1978). Both are warm season species. Tobosa grass is a rhizomatous midgrass, 
mostly 20-75 cm tall with high canopy cover. Burrograss is a short (10-25 cm) 
stoloniferous plant with relatively low ground cover. 
The dominant native shrubs are mesquite (Prosopis glandulosa), creosotebush (Larrea 
tridentata), and tarbush (Florensia cernua). Mesquite is a small deciduous tree with 
bipinnately compound leaves and with spines along its branches. It grows to a height of 
4.5-7.5 metres, sometimes as high as 9.1 metres in height. It is common along desert 
washes and its roots can penetrate to a depth of 18.3 metres. Creosotebush is conical or 
hemispherical. Creosotebush varies in size and density depending on the local ecotype 
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and environmental conditions. Tarbush also varies in size and density depending on the 
local ecotype and environmental conditions. Around the field work area it is usually 
irregular or rounded and about 0.91 metres tall and 1.22 metres in diameter. 
" Bare soil 
p Creosotebush 
p Mesquite 
" Other shrub 





Figure 1.8 Vegetation map of Jornada Experimental Range, which is part of the Jornada 
Basin, issued in 1998 (map from Barbara Nolen, Jornada LTER). 
1.3.3.2 Phenology of Vegetation 
The study area consists of a variety of habitats with changing aspects that are the 
apparent expression of the seasonal rhythm of the climate and the phenological diversity 
of the plants. The timing of vegetation leaf-out and green-up in the region is quite 
variable. Various examples of plant growth illustrate the phenological diversity of the 
study area. 
The evergreen creosotebush grows on gravelly uplands and reaches its maximum size in 
the cool months of April/May and October/November (Fisher et al., 1988). Mesquite, on 
the other hand, is a winter deciduous shrub predominant on sandy soils which attains 
peak green biomass in June (Nilson et al., 1987). Both mesquite and creosotebush 
produce new leaves during the spring. However, the amount of creosotebush foliage 
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produced is influenced by the volume of winter/spring rainfall and not the timing (Fisher 
et al., 1988). It can also tolerate inter-annual variability in rainfall and exploit rain falling 
in other seasons if there is drought during these periods (Reynolds et al., 1999) 
Tarbush, growing dominantly on silty bottomlands, is a deciduous shrub that drops its 
leaves in November/December. Though tarbush reaches its peak in September, the 
timing of its spring leaf production depends upon the distribution and volume of 
winter/spring precipitation (Gibbens, 1991). 
For their part, perennial and annual grasses and forbs follow a cycle of growth and 
senescence dependent on winter and late summer rainfall. (Kemp, 1983; Warren and 
Hutchinson, 1984). Growth and seeding in both grasses and forbs are rapid processes 
due to the brevity and irregularity of the rainy seasons. Again, growth is a direct result 
of three major factors: volume, distribution and timing of precipitation. Their favoured 
growth season is the summer rainy period when appropriate temperatures combine with 
sufficient moisture to offset less favourable conditions during the rest of the year. By 
October, most of the grasses are dry and usually remain so until the next rainy season 
(Humphrey, 1958). 
Shrubs appear to be able to pre-empt herbaceous growth by up to three months prior to 
the first rains. Access to deep soil water permits the early growth of woody species 
(Tybirk et al., 1992; Martinez-Meza and Whitford, 1996). Thus, shrubs benefit from an 
earlier and longer growing season than grasses. 
1.3.4 Geomorphology 
1.3.4.1 Major Landform Groupings 
The study area features discontinuous ranges and a broad desert basin. Prominent 
mountain masses in the East and South West and the intermontane basin and Rio Grande 
valley constitute its major geomorphological elements. Two major landform groupings 
may be identified (Figure 1.9) as 1) Intermontane basin (bolson) with central plains of 
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aggradation, including lake and alluvial basin floors; 2) River valleys entrenched into 
older basin fill and rocks of mountain uplands. 
1.3.4.2.1 Intermontane Basin 
The intermontane basin extends South into Chihuahua and North into central New Mexico. 
Through drainage is confined to the Rio Grande system and occupies valleys entrenched well 
below the floor of the Jornada del Muerto Basin which is endorheic. The intermontane basin 
features three types of ground formations: 1) erosional slopes cut in the rocks of the 
surrounding mountains, 2) flanking detrital slopes of aggradation, and 3) a central-lake plain 
or playa. In the context of the study of Gile et al. (1981), two major subdivisions have been 
employed, namely piedmont slopes and basin floors (Figure 1.9). 
a) Intermontane Basin (Bolson) Mountain Upl 
(Erosional) 
b) River Valley 
Upland 







Complex of Footslopes 







Figure 1.9 Basic landscape types in the Basin and Range area of Southern New Mexico 
(after Gile et al., 1981). 
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1.3.4.2.1.1 Piedmont Slopes 
Piedmont slopes extend perpendicularly in a moderate gradient (usually between 0.5 and 
8%) from the mountain front towards the level floor of the basin. (Gile et al., 1981). 
They are characterised by the piedmont angle often evident at the mountain-front 
junction. Within their sizeable extension (between 1-20 km), the dominant features are 
well-preserved aggradational landforms. For their part, erosional landforms - often the 
result of large mountain drainage basins - remain in the vicinity of the mountain fronts. 
A progression of fanhead, interfan and swale drainage structures characterise the 
piedmont channels within internally drained basins. These phenomena combined with 
the wide range in sediment-to-water ratios in piedmont transport systems (Bull, 1962, 
1972) contribute towards the great variety of deposits observable in piedmont slopes. 
Individual landforms on piedmont slopes include 1) rock pediments, 2) alluvial fans, and 
3) coalescent fan complexes (bajadas). 
1.3.4.2.1.2 Basin Floors 
Basin floors are essentially level alluvial plains occupying central-basin areas. They 
range from narrow drainage ways about 100 m wide to broad plains 30-50 km across. 
The minimum elevation of basin floors ranges from 1,280 to 1,310 m. The main land 
formations of basin floors include ephemeral lake plains, relic forms of ancient lakes, 
features of alluvial origin, and a variety of aeolian landforms. Three types of basin-floor 
landform (or alluvial landforms) are identified: 1) the dominant alluvial plain; 2) the 
nearly level alluvial flats and 3) the axial drainage ways (Gile et al., 1981). 
1.3.4.2.2 River Valleys 
The Rio Grande provides a variation to the basic Basin and Range landscape in the study 
area. A typical Basin and Range river valley (Figure 1.9 (b)) possesses a nearly level 
valley floor and complex side-slopes. The morphology of valley cross-sections ranges 
from narrow, side-slope-dominated segments to broad, floor-dominated segments. 
Channel forms are highly variable ranging from deep, narrow, meandering or suspended 
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load channels to shallow, wide, straight bed-load channels (Schumm, 1968,1972). Along 
major river valleys a stepped sequence of surfaces occurs between the floodplain and 
valley rims. River floodplain elevations range from 1,180 to 1,210 m. 
1.3.5 Soils 
Soils are closely related to geomorphic surfaces and to the nature of the materials. Where 
soils have been truncated to varying degrees, the patterns are complex because truncation 
has occurred through erosion and because dissection has caused abrupt changes in 
particle size. 
A close study of desert and mountain horizons facilitates observation according to gross 
landscape assemblages. The large differences in organic carbon content and thickness of 
the horizons establish a clear distinction between mountain soils (mollic epipedons) and 
desert soils (ochric epipedons). 
Figure 1.10 shows the general soil map of the study area. Major soils of mapping units 
having a high proportion of single series occur in undissected or mildly dissected 
landscapes. Four major soil types are found in the study area (USDA, 1979): 
1) Glendale-Harkey (GH): Deep, nearly level, well drained soils that formed in alluvium, 
on flood plains and stream terraces. 
2) Bluepoint (B), Caliza-Bluepoint-Yturbide (CB), Pajarito-Onite-Pintura (PO), Pintura- 
Wink (PW), Berino-Dona Ana (BD), Mimbres-Stellar (MS), and Nickel-Upton (NU): 
Shallow or deep, nearly level to very steep, well drained to excessively drained soils that 
formed in alluvium, alluvium modified by wind, and eolian material; on fans, terraces 
ridges, valley and basin floors, flood plain, and piedmonts. 
3) Cacique-Cruces (CC) and Harrisburg-Simona-Wink (HS): Shallow to deep, nearly 
level to undulating, well drained soils that formed in residuum, alluvium, and aeolian 
material; on mesas, plains, ridges, basin floors and fans. 
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4) Rock outcrop-Torriorthents (RT): Rock outcrop and shallow to deep, hilly to 












1: GH Deep, nearly level, well drained soils 
2: B Deep, gently undulating to moderately rolling, somewhat excessively drained soils 
3: CB Deep, gently undulating to very steep, well drained and excessively drained soils 
4: PO Deep, nearly level to undulating, well drained and somewhat excessively drained soils 
5: PW Deep, nearly level to undulating, well drained and excessively drained soils on fans 
6: BD Deep, gently undulating to undulatin, well drained soils 
7: MS Deep, nearly level to gently undulating, well drained soils 
8: NU Shallow or deep, undulating to moderately rolling, well drained soils 
9: CC Shallow to moderately deep, nearly level to gently sloping, well drained soils 
10: HS Shallow to deep, gently undulating to undulating, well drained soils 
11: RT Rock outcrop and shallow to deep, hilly to extremely steep, well drained soils 
Figure 1.10 General soil map in the study area (data from USDA, 1979). 
Soil moisture is affected by landscape position, micro-relief and soil morphology. 
Moisture infiltration increases through the cracks in soil horizons that are connected to 
holes and depressions at the surface. Infiltration is limited and uniform in soils deprived 
of such surface features. Soils and landscapes set on level areas with stable land surfaces, 
a superficial horizon between 5 and 10 cm thick, sand or loamy-sand texture and a 
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slightly finer-textured, water-trapping horizon just below the surface horizon exhibited 
the most favourable moisture conditions. 
The intermittent and variable nature of sediment deposition ensures that relations 
between soils and parent materials are complex. Many soils contain material eroded from 
older soils upslope and some of the earlier soils may have formed under different 
climates. Aeolian input adds further complications and, increasingly, it is recognised that 
atmospheric inputs to soils should not be underestimated (Pye, 1987). For instance, 
Wells and McFadden (1987) have shown how the accumulation of aeolian silt and clay 
in the Eastern Mojave Desert (California) reduces soil permeability and lowers soil 
infiltration capacity. McFadden and Tinsley (1985) have also shown that the presence of 
salts will accelerate mechanical weathering similar to that observed on basaltic lava 
flows in the Eastern Mojave Desert (Wells et al., 1985). 
1.3.6 Grazing 
A brief review of acute hervibory within the study area is undertaken in this section in 
order to note the role of managed consumers (i. e. cattle) in ecosystem function. The 
review includes: 1) introduction of cattle in the South West; 2) defoliation of forage; 3) 
management of grazing; and 4) research related to grazing. 
1.3.6.1 Introduction of Cattle in South West USA 
High levels of hervibory were recognised as destructive very early (Wooten, 1908) and 
confirmed to be beyond the carrying capacity of the landscape (Paulsen and Ares, 1962). 
Desert grasslands have historically supported low, chronic levels of herbivory by native 
animals such as bison (<10% of NPP (Pieper et al. 1983)). After the introduction of cattle to 
the Americas by Columbus in 1493 and this quick increase in the Spanish-occupied south 
west, numbers declined following the Mexican Revolution (1821). By the 1890s, however, 
they had increased again and 1.5 million cattle occupied the Arizona Territory in 1891 
(Hastings and Turner 1965, Bahre 1991). 
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Currently, 610,000 cattle graze on more than 9,000 ranches in New Mexico, generating 
about $500 million annually for the economy of the region. In Arizona and New Mexico, 
37% of the forage is derived from federally managed lands (Torell et al. 1992). Herbivory 
by livestock has become more acute with increased control over grazing intensity, 
timing, and frequency. 
1.3.6.2 Defoliation of Forage 
Mature cattle consume 5 to 15 kg of forage daily. Annual forage consumption during the 
overstocked periods may have ranged from 30 to 60 g/m2. A classic recommended 
stocking rate for desert grassland is 1 cow/250 ha/25mm of annual precipitation 
(Schlesinger et al. 1990). This results in a harvest of 7 to 21 g/m2/yr of Net Primary 
Production (NPP) in an area receiving 240 mm of annual precipitation. Long-term 
average NPP of semiarid grassland is 58 g/m2/yr under a conservative stocking density 
(Paulsen and Ares 1962). Thus, during some seasons even a conservative stocking can 
result in acute harvest rates. It is also likely that the distribution of use is uneven, due to 
physical, biological and structural features of the environment (Holechek et al. 1989). In 
a sense, competition for forage among cattle and native mammalian herbivores is 
relatively slight in desert environments. Native ungulate (antelope) densities are low, and 
herbage consumption by small mammals has been estimated at <5 g/m2/yr. 
1.3.6.3 Management of Grazing 
Over-grazing has widely influenced the well-known vegetation changes in the South 
West. Livestock-management research dates to the 1880s with the first reports of cattle- 
induced damage to rangelands (Box and Traylor, 1990). As with most managed grazing 
systems (Oesterheld et al. 1992), livestock grazing management has resulted in shorter 
seasons of use and more infrequent use through the incorporation of systems such as 
best-pasture and deferred rotation (Holechek et al. 1989). Strict control of grazing to 
specific, widely-spaced acute events has been recommended as a potential tool for 
holistic resource management (Savory, 1988). However, decades of research have not 
resulted in a mechanistic understanding of ecosystem-level effects of cattle grazing in 
and and semiarid environments (Bartolome, 1993). 
- 42 - 
CHAPTER 1 INTRODUCTION 
1.4 POTENTIAL APPROACHES TO OBJECTIVES 
Remote sensing is considered to be a potential tool for the investigation of land 
degradation. It has the potential to overcome staff and fiscal restrictions, as well as to 
facilitate extensive and intensive investigation of the profound analytical data obtained 
from land-degradation processes. There are several types of remotely sensed data (e. g. 
aerial photographs, satellite images, aerial video data, and radar data, etc. ) that may be 
used for land degradation studies and a wide variety of digital image-processing 
techniques have been developed and applied to these data. 
One of the key elements in the successful use of satellite remote sensing techniques for 
mapping and monitoring land degradation is the fact that reliable estimates of land cover 
abundance be obtained consistently using a standardised approach (Hill et al., 1996). The 
Smith et al. study of 1990 provides three main approaches to the problem of estimating 
land cover type and abundance using remotely sensed images. They reviewed: 1) 
statistical methods of image classification or thematic mapping; 2) spectral mixture 
analysis, or mixture modelling; and 3) the calculation of indices that may be related 
empirically to parameters of interest. 
In addition to these approaches, McDonald et al. (1998) indicated that existing methods 
for extracting quantitative biophysical information from satellite imagery could also be 
physically based. The model inversions studied by Li and Strahler (1985), Rosema et al. 
(1992), and Privette et al. (1996), are some examples of the physically based approaches. 
However, the inversion of physically based models against satellite data is not feasible 
with currently available data sets (Hill et al., 1996). I, therefore, wish to draw attention to 
the three approaches described in the study of Smith et al. The characteristics and use of 
each approach are briefly described below. 
1.4.2 Statistical Methods of Image Classification 
The goal of image classification is to link image spectra to dominant scene components 
or to characteristic mixtures of components. Statistical methods of image classification 
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include maximum likelihood, clustering, and discriminate analysis (e. g. Haralick and Fu, 
1983) and methods based on principal components analysis (e. g. Crist and Cicone, 
1984). In general, these methods are based on three assumptions (Smith et al., 1990). 
First, it is assumed that spectrally similar data will describe thematically similar elements 
within a scene. Moreover, it is also assumed that for each pixel there is a dominant scene 
component, or at least a unique and identifiable suite of components that are present in 
distinctive proportions. Finally, each pixel may presumably be able to be allocated to a 
thematic class. 
However, in the desert scrub environment, thematic classes correspond to characteristic 
suites or mixtures of components that occur in preferred proportions and at certain 
illumination geometries (e. g. shaded or sun-facing slopes). The radiance recorded in an 
image pixel may be mixed from both soil and vegetation. Since these can theoretically 
mix in any proportion there could exist a great number of classes, even within a scene 
containing but two components. Clusters of radiance values are thus typically indistinct, 
or otherwise distinct clusters may overlap because of illumination differences in rugged 
terrain. Classification techniques have been shown not to perform very well in 
arid/semiarid environments (Tucker and Miller, 1977; Huete et al., 1984; Elvidge and 
Lyon, 1985; Huete et al., 1985; Heilman and Boyd, 1986; Ustin et al., 1986; Tueller and 
Oleson, 1989). 
1.4.3 Mixture Modelling 
Methods for investigating the surficial cover of ground components have been developed 
for and lands where green vegetation cover is not horizontally homogeneous (e. g. Graetz 
and Gentle, 1982; Graetz et al., 1986; Pech et al., 1986; Smith et al., 1990). Spectral 
mixture analysis, or mixture modelling, is one of them. Mixture modelling transforms 
radiance data into fractions of a few dominant endmembers spectra which correspond to 
scene components (Adams and Adams, 1984; Adams et al., 1986; Smith et al., 1985). 
"Fraction images" depict the mixing proportions of these endmembers spectra and thus, 
via validation and calibration of field data, identify the mixing proportions of the scene 
components. Mixture modelling differs significantly from statistical classification in a 
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number of ways, perhaps most importantly, in the small number of endmembers 
compared to the potentially large number of thematic classes required to describe a 
scene. Mixture modelling also separates the spectral contributions of these intrinsic scene 
components from shadow and other effects of illumination. It has been used successfully 
in geological (e. g. Adams et al., 1986; Drake, 1992; Thomson and Salisbury, 1993), 
climatological (e. g. Rambal et al., 1990), and vegetation studies (e. g. Smith et al., 1990; 
Shimabukuro and Smith, 1991; Roberts et al., 1993). 
1.4.4 Spectral Vegetation Indices 
Since Jordan's pioneering work (1969), a vast number of spectral band combinations 
have been studied as measures of vegetation. These vegetation indices have been 
variously proposed, theoretically analysed, compared, and summarised. Vegetation 
indices, reviewed by Jackson (1983), Tueller and Oleson (1989) and others, are based on 
ratios of the radiance in red and infrared spectral bands, chosen to maximise the 
reflectance contrasts between vegetation and other materials. Some indices have been 
used to estimate Leaf Area Index (LAI), vegetation cover, and other vegetation 
parameters (e. g. Choudhury, 1988; Elvidge and Lyon, 1985; Huete et al., 1985; Huete, 
1986; Tucker, 1979; Jackson, 1983; Kauth and Thomas, 1976). Most commonly used are 
the Vegetation Ratio Index (VRI) (Jordan, 1969), the Normalised Difference Vegetation 
Index (NDVI) (Rouse et al., 1973), and the Perpendicular Vegetation Index (PVI) 
(Richardson and Wiegand, 1977). The advantage of vegetation indices is their ease of 
use and the fact that, unlike model inversions, indices can be developed to provide 
empirical relationships with desired parameters whilst minimising sensitivity to 
peripheral variations, especially those in the spectral properties of soils (McDonald et al., 
1998). 
The three approaches described in this section and more particularly mixture modelling 
and spectral vegetation indices will be used throughout the thesis to analyse and compare 
data obtained within the study area. Due to the complexity of the ecosystems present in 
arid/ semiarid environments such as the Jornada area, the mixture modelling approach is 
suitable for most, though not all, the situations tackled by this research. Mixture 
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modelling separates the spectral contributions of intrinsic scene components from 
shadow and other effects of illumination. This approach is particularly useful for 
measuring vegetation cover, especially in desert regions where the proportions of 
vegetation and soil may vary significantly over small distances (Smith et al, 1990). The 
spectral vegetation indices approach is also investigated because much effort has been 
put into developing these indices for investigating vegetation change and land 
degradation (e. g. Pickup et al., 1993). To date, no comparison has been drawn between 
mixture modelling and spectral vegetation indices in terms of their relative utility in 
land-degradation studies. The two mapping approaches are therefore implemented and 
compared in the following chapters. 
1.5 CONCLUSIONS AND THESIS OUTLINE 
1.5.1 Conclusions 
The aim of this research is to determine the effectiveness of satellite remote sensing 
techniques, especially mixture modelling and spectral vegetation indices, in mapping and 
monitoring land degradation in the Jornada area in Southern New Mexico. The objective 
is two-fold: 
1) To use and compare the techniques for mapping surface characterisation of land 
degradation, and 
2) To demonstrate the feasibility and the change-detection potential of the land- 
degradation processes. 
This chapter has introduced land degradation concepts in section two. Development has 
been identified as a subject of increasing concern to scientists and a growing problem 
affecting many regions of the World. In particular, land degradation within the study area 
has been shown to originate with various allogenic and autogenic factors causing 
vegetation change and soil deterioration. 
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Climate, vegetation, geomorphology, soils, geology, and grazing have been discussed in 
section three. Such background information is relevant to the current understanding of 
the landscape in the study area because it determines the aspects of the landscape that 
will benefit most from the use of remote sensing thus making possible a precise 
definition of our research objectives. Moreover, the subsection on grazing enhances our 
understanding of the role of cattle in ecosystem function particularly in terms of acute 
herbivory. 
Finally, I have gone on to discuss briefly three approaches to spectral data analysis for 
degraded land applications in section four, namely: 1) statistical methods of image 
classification, 2) mixture modelling, and 3) spectral vegetation indices. After this 
preliminary evaluation, mixture modelling and spectral vegetation indices warrant a 
more detailed review. This review will be undertaken in Chapter 2. 
The above review of land-degradation background information and techniques reveals 
some areas open to research. The spectral vegetation indices approach and mixture 
modelling have never been used side by side within the Jornada area. Landsat imagery 
used in conjunction with the above image processing methods, and applied to the study 
of vegetation and soil cover indicators provides an appropriate information source. The 
results of field data obtained in the Jornada area will be outlined in order to validate the 
above approaches. The following tasks detail the objectives of this research. 
1) Presenting an investigation of vegetation information using spectral vegetation 
indices and validating the results using green, dry, and total vegetation cover 
measurements in the field. 
2) Mapping soils, green vegetation, dry vegetation and total vegetation cover using the 
mixture modelling approach and validating the results using ground measurements. 
3) Comparing the spectral vegetation indices and the mixture modelling approaches by 
means of statistical analysis of their respective validation results, particularly in 
heterogeneous vegetation within the Jornada area. 
4) Mapping selected satellite-derived environmental variables (e. g. total vegetation 
cover and shrub to grass cover ratio) and evaluating their utility as indicators of 
rangeland change. 
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5) Detecting and identifying changes in degraded landforms within the Jornada area. 
6) Demonstrating the feasibility of mapping degradation processes on a regional scale 
and monitoring them across time using a time-series of satellite images. 
1.5.2 Thesis Outline 
The thesis is divided into seven chapters. Chapter 1 outlines concepts of land degradation 
and provides a detail description of the study area, explores an overview of methods and 
techniques to tackle the major objectives of the research, and outlines the structure of the 
thesis. 
Chapter 2 reviews the general issues of remote sensing in land degradation studies, 
especially, the mapping and monitoring of land degradation processes. It also reviews 
contributions by relevant land degradation researchers of the Jornada area. 
Chapter 3 gives a detail description of image-processing methods used in land 
degradation including, mixture modelling, spectral vegetation indices, field methods, and 
statistical methods, to tackle the major objectives of this research. 
Chapter 4 presents the results and investigates whether spectral measurements of 
vegetation canopies obtained through a linear combination of green vegetation, dry 
vegetation, and soil spectra can be modelled in the Jornada area. This chapter also 
compares the levels of effectiveness among spectral vegetation indices and mixture 
modelling approaches. It also provides a full correlation of application results against 
single band values. 
Chapter 5 evaluates selected environmental variables for their utility as indicators of land 
degradation. This chapter is divided into five subsections each focusing on obtaining 
land degradation indicators from the results attained in the previous chapter. The 
indicators are total vegetation cover, shrub to grass cover ratio, degraded soil cover and 
grazing gradient. 
- 48 - 
CHAPTER I INTRODUCTION 
Chapter 6 aims to determine that the methods developed in the previous chapters can be 
used to detect changes in terms of land degradation in the Jornada ecosystem. It is also 
designed to confirm that shrub expansion and soil degradation is occurring between 1986 
and 1996. The application of mixture modelling to multiple-date imagery suggest that 
mixture modelling can identify successfully the patterns and the extent of extreme 
change and thus shows potential for monitoring of rangeland resources. 
The final chapter provides a thesis summary and the conclusions derived from this study. 
It also gives recommendations for the use of the improved mixture modelling method in 
land degradation research. Finally, a number of contributions about this thesis are 
presented. 
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2. REMOTE SENSING OF LAND DEGRADATION 
2.1 INTRODUCTION 
2.2 REMOTE SENSING FOR MAPPING AND MONITORING LAND DEGRADATION 
2.3 REMOTE SENSING LAND DEGRADATION STUDIES AT JORNADA 
2.4 DISCUSSIONS AND CONCLUSIONS 
2.1 INTRODUCTION 
Remote sensing techniques have been used in land-degradation studies. The development 
of appropriate methodologies often precedes their use. Similarly, the identification of 
indicators that will facilitate a consistent survey of the areas under study often takes 
precedence over other considerations. Adequate illustration of these statements may be 
sought in the Provisional Methodology for Assessment and Mapping of Desertification 
(PMAMD) developed by FAO and UNEP in the 1980s. This methodology has been 
tested and adapted through two pilot projects (Kharin, 1990). 
The first project included a field test of the methodology in two districts of Western Mali 
which defined four types of land-degradation processes: vegetation cover, wind erosion, 
water erosion and soil compaction. For each process, FAO/UNEP criteria were adapted 
to fit the local conditions. Methods for desertification mapping based on remote sensing 
were then applied to generate larger-scale maps on the present state of desertification, 
desertification rates, and desertification risks. 
The second project was carried out by the Department of Resource Surveys and Remote 
Sensing (DRSRS) of the Government of Kenya (GOK) and UNEP. It focused on two 
field areas: the Lake Baringo and Marsabit Districts in Kenya. The study used a 
combination of remote sensing techniques and field surveys to collect data on selected 
desertification indicators. A Geographic Information System (GIS) was compiled and 
used to develop generalised models for application at regional and national levels; and 
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models for water erosion, wind erosion, range carrying capacity, vegetation degradation 
and human population were built. 
The use of remote sensing techniques was recommended by these studies as cost- 
effective, rapid, and also conducive to the periodic acquisition of data and regional 
assessment. However, while the use of FAO/UNEP provisional methodology was 
effective at the local or pilot level, the costs of using the indicators, assessment methods 
and mapping of desertification at the regional and national levels would have been 
prohibitive and time-consuming (Kharin, 1990). 
In terms of using indicators a feature of sensitive inidicators that needs to be considered 
is the range of environments over which an indicator is effective (de Soyza et al., 1998). 
Environmental indicators may be broadly categorised as either descriptive or 
performance-oriented (UNEP, 1992). Descriptive indicators illustrate the status of the 
environment, or the processes of environmental change over time. Performance 
indicators, on the other hand, are measured against specific benchmarks, physical 
thresholds or normative policy goals often related to sustainability. 
Several characteristics of land-degradation indicators may be outlined (Krugmann, 
1994). First, their occurrence is marked by a hierarchic or cascading series of levels 
including micro-, meso-, and macro- indicators. Second, indicators are dynamic: they 
signal and reflect change in variables over a certain period of time. Third, indicators are 
specific to given ecological, cultural, social or economic contexts. Fourth, indicators can 
be both quantitative and qualitative. Fifth, indicators may be considered "direct" or 
"indirect". 
Within a system of indicators there exist a wide range of variables that may influence the 
assessment of land-degradation processes or indicate the effects of action taken to control 
desertification. Gullies, for example, are a direct indicator of soil erosion and hence land 
degradation. However, the price of charcoal within a specific area is an indirect effect of 
an increase in environmental degradation. This is because a higher rate of land cleared 
for agricultural purposes triggers an increase in wood supply for charcoal making which 
in turn brings down the price of charcoal though after sustained clearance the price will 
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tend to rise again as wood supplies become short. Similarly, the landlord-to-tenant ratio 
in irrigated agriculture may also be considered to be an indirect measure of land 
degradation or its potential (Krugmann, 1994). 
In the Jornada basin the potential for mapping and monitoring land degradation shown in 
the FAO/UNEP study may be utilised to refine our approach. Land degradation in the 
context of the formerly perennial grass-dominated rangelands of Jornada basin may be 
defined as a change in scale of the spatial distribution of vegetation cover, water, 
nutrients, and other soil resources. The widespread replacement of the grasslands by and 
shrublands (York and Dick-Peddie, 1969; Grover and Musick, 1990; Bahre and Shelton, 
1993) characterised by more widely spaced resource accumulation points, has resulted in 
land degradation through increased spatial and temporal heterogeneity of vegetation 
cover and soil resources (Schlesinger et al., 1990). 
Surface conditions, in particular, soil and vegetation appear to be indicative of 
environmental degradation. Some of the most important physical indicators of land 
degradation relate to the destruction of soil resources and the advent of vegetation 
change. Therefore, it is assumed here that any remote sensing techniques used in the 
study of land degradation and environmental change ought to concentrate primarily on 
providing a standardised, spatial and chronological characterisation of soil resource 
conditions and vegetation cover. 
Retrospective studies may provide the key for understanding the present situation as well 
as optimising our approach and their importance must therefore be emphasised. The 
following section reviews the utility of remote sensing techniques in the study of land 
degradation. Special attention is given to the specific capabilities of the techniques and 
their suitability in mapping and monitoring land-degradation processes. 
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2.2 REMOTE SENSING FOR MAPPING AND MONITORING LAND DEGRADATION 
2.2.1 Introduction 
Lillesand and Kiefer (1994) broadly defined remote sensing as the science and art of 
obtaining information about an object, area, or phenomenon through the analysis of data 
acquired by a device that is not in contact with the object, area, or phenomenon under 
investigation. Remote sensing requires reliable data and reliable techniques for analysing 
data. 
Remote sensing techniques have assisted in mapping and monitoring land cover and its 
change (Warren and Hutchinson, 1984; Smith et al., 1990; Franklin and Turner, 1992) 
and have proved to be instrumental in reducing both manpower and fiscal restrictions in 
extensive and/or intensive land cover analyses. However, two questions arise when 
attempting to use such an extensive database to analyse land degradation (Smith et al., 
1990). First, how do we relate spectral data to conventional ground-based 
measurements? Secondly, how do we extend the field measurements obtained at the local 
level to bridge regional and global scales? 
In order to facilitate the use of remote sensing data, it is essential to understand the 
tandem action of scene radiance and field parameters. Scene radiance is recorded in 
multi-spectral images and influenced by various factors such as instrumental sensitivity 
and drift, viewing and illumination geometry, atmospheric back-scatter and absorption, 
and the geometric orientation of surface elements (including topography) within the 
scene. Broadly, field parameters related to vegetation cover are the species, the 
community type, and the developmental stage. Once the above factors have been taken 
into account, it is possible to interpret the light reflected from a surface in terms of the 
materials and their mixtures. 
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2.2.2 Spectral Vegetation Indices and Similar Approaches 
Spacecraft-acquired data, for instance the Landsat data, provide repetitive and synoptic 
coverage of large areas and thus have great potential as monitoring tools in and land 
studies. Scientists have developed techniques for assessing qualitatively and 
quantitatively the vegetative canopy with the aid of spectral measurements. They predict 
or assess characteristics such as leaf area, biomass, or the percentage of ground cover by 
reducing the channels of satellite remotely sensed data to a single number. A commonly 
used technique for monitoring and land with Landsat data is to estimate vegetation 
abundance from spectral vegetation indices. Most formulae of spectral vegetation indices 
are based on ratios or linear combinations and exploit differences in the reflectance 
patterns of green vegetation and other objects. 
The spectral vegetation indices approach assumes that the amount of cover and the 
vegetation index are consistently related and that such a relationship is constant. This 
approach does not involve calibration and provides information on relative amounts of 
cover present and relative change in cover through time rather than absolute values. It 
has been successfully used to examine corresponding environmental parameters at the 
regional scale. For instance, Tucker (1979) used in situ collected spectrometer data to 
evaluate and quantify the relationships between various linear combinations of red and 
photographic infrared radiance and experimental plot biomass, leaf water content, and 
chlorophyll content. The results indicated that visible and near-infrared multi-spectral 
images are some of the most useful data available from operational earth-observing 
satellites for identifying species, making detailed measurements, and monitoring 
environmental changes in semiarid / and rangelands. 
2.2.2.1 Single Waveband Radiances 
Single Waveband Radiances are included into brightness spectral vegetation indices 
(Duncan et al., 1993). Individual wavebands may be used to determine potentially useful 
techniques for monitoring and rangeland degradation and total vegetation cover, which 
can be estimated from the four individual Landsat MSS bands, is a useful parameter for 
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assessing rangeland degradation status (Musick, 1984). MSS band 5 (red band) was 
correlated with total vegetation cover (r = -0.844) and had been proved to be the most 
consistently accurate because: 
1) Band 4 was more strongly influenced by variation in soil background reflectivity. 
2) The relationship between bands 6 and 7 to vegetation cover varied greatly with 
amount of green foliage (Musick, 1984). 
Individual wavebands exploit the fact that even low levels of vegetation cover can result 
in a significant darkening of the typically bright soils in semi-arid areas due to 
shadowing and absorption by leaves and stems (Ringrose et al., 1989; Tueller and 
Oleson, 1989). Thus, they can be used to emphasize soil reflectance. Graetz and Gentle 
(1982), Pech et al. (1986), and Graetz et al. (1988) also found that spectral radiance in 
the Landsat MSS red waveband was an effective estimator of vegetation cover for a 
saltbush region of southern Australia. Prince and Astle (1986), Prince and Tucker (1986), 
and Ringrose et al. (1989) came to a similar conclusion when assessing a drought- 
impacted semi-arid savanna woodland environment in Botswana. 
In 1994, Chavez and Mackinnon used automatic vegetation-change detection to research 
global change. Using multi-temporal remotely sensed image data, they mapped 
vegetation changes within and and semiarid regions of the South western United States. 
With MSS images as their primary data source, Chavez and Mackinnon developed a 
hybrid method that allowed radiometric calibration to be applied to historical data by 
using field-radiance information rather than a modelling procedure. The results indicated 
that a calibrated visible red band (e. g. MSS band 5) is more sensitive than the widely 
used NDVI in detecting vegetation changes in the and and semiarid environments of the 
Southwestern United States. Some changes, corresponding mostly to the blooming of 
ephemeral or annual vegetation, detected by the automatic procedure during two of the 
Landsat overpasses were confirmed in the field. 
2.2.2.2 ND VI and Its Variants 
The most commonly used remote sensing techniques for estimating green vegetation 
cover are vegetation indices that employ red and infrared wavelengths, such as the 
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Normalised Difference Vegetation Index (NDVI) and its variants. Dymond et al. (1992) 
used Multi-spectral SPOT imagery to map percentage vegetation cover in the Mackenzie 
Basin of the South Island, New Zealand. Twenty ground measurements of quadrats 60 
by 60 m related percentage vegetation cover to normalised vegetation index. The vertical 
spread of quadrat points about the calibration curve provided the level of accuracy of a 
percentage cover prediction from NDVI. Dymond et al. concluded that the upper and 
lower prediction limits (80 per cent confidence interval) were plus or minus 15 per cent 
cover in the linear part of the calibration curve. 
Hobbs (1995) examined NOAA-AVHRR data for their potential application in assessing 
primary productivity in the and rangelands of Central Australia. Field measurements of 
herbage biomass were correlated with four indices derived from NOAA-11 NDVI data. 
Pre-flight and sensor degradation calibrations of bands 1 and 2 and atmospheric 
correction techniques were also tested. Regional herbage production could be readily 
estimated using background-adjusted maximum NDVI values for a growth season. 
Hobbs concluded that correlation between temporal sums of NDVI and herbage biomass 
data was relatively poor and unsuitable for herbage assessment in Central Australia. 
Fuller and Prince (1996) found a positive correlation between NDVI and rainfall at 
semiarid locations where rainfall tended to be highly variable. NOAA-AVHRR of foliar 
dynamics in tropical southern Africa between 1981 and 1990 was re-sampled at 7.6km 
resolution using monthly NDVI imaging. It was suggested that NDVI facilitates the 
identification of annual rainfall thresholds and `early' greening behaviour. 
In 1997, Verlinden and Masogo tested the use of NOAA-AVHRR GAC NDVI imagery 
to monitor vegetation condition in the Southern Kalahari against grass greenness 
estimates from ground surveys and aerial surveys. Results - especially when livestock 
areas were excluded - indicated that density distributions of some species were related to 
habitat greenness and that the satellite imagery could be used to test habitat suitability for 
wildebeest, hartebeest and ostrich on a regional scale in the Kalahari. 
The NDVI and its variants have been evaluated by Leprieur et al. (1996) to evaluate 
atmospheric and soil optical response such as Global Environment Monitoring Index 
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(GEMI) and Modified Soil-Adjusted Vegetation Index (MSAVI) over a Sahelian region. 
Special attention was given to cloud contamination and green vegetation detection from 
space. The HAPEX Sahel database was used as a test case to compare these indices in 
and and semiarid environments. Simulated index values at the surface level showed that 
these SVIs were all sensitive to the presence of green vegetation but were affected 
differently by changes in soil colour and brightness. Leprieur et al. showed that GEMI is 
less sensitive to atmospheric variations than both NDVI and MSAVI since it exhibits a 
high atmospheric transmissivity. The results, tested on a vegetation gradient, and 
computed by GEMI from measurements at the top of the atmosphere were invariable 
from one day to the next. When tested on a bare soil transect, GEMI exhibited 
noticeable variability in this bright soil context as opposed to MSAVI. 
Huete et al. (1997) compared differences and similarities in sensitivity to vegetation 
conditions among various SVIs. Landsat TM images (NASA Pathfinder, global land 
cover test site (GLCTS) initiative) representing a wide range of vegetation conditions 
were processed to simulate the Moderate Resolution Imaging Spectroradiometer 
(MODIS) global vegetation index imagery at 250m pixel size resolution. All selected 
SVIs showed a qualitative relationship to variations in vegetation. However, significant 
differences among the SVIs over desert, grassland, and forested biomes were also 
observed. SVI behaviour over the evergreen needle-leaf forest sites contrasted sharply 
with the deciduous broadleaf forests and drier, grassland, and shrub sites. As a result, in 
the and and semiarid biomes, Huete et al. found the NDVI was much more sensitive to 
canopy background variations than the Soil Adjusted Vegetation Index (SAVI). 
2.2.2.3 Other Vegetation Indices 
Pickup et al. (1993) described how a cover index can be derived from Landsat MSS data 
and how the index can be standardised to remove atmospheric effects and differences in 
sensor calibration between spacecraft. This index, known as PD54, has a similar form to 
the Perpendicular Vegetation Index (PVI) of Richardson and Weigand (1977). Tests 
carried out on 1-m-diameter radiometer targets showed that the best separation between 
soil, rock, or stone and vegetated surfaces did occur in the Band 4-Band 5 data space. 
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This separation includes both dry and green vegetation whereas in the commonly used 
Band 5-Band 7 data space the separation is much less clear if the vegetation is not green. 
It was indicated that PD54 performed better than several other indices (e. g. NDVI and 
Soil Stability Index (SSI)) when tested at the Landsat MSS pixel scale using aircraft- 
mounted radiometer data. PD54 was less subject to systematic errors when shifting from 
one vegetation type to another. However, the principal difficulty in using PD54 as a 
cover index arose because there was no single soil line (Pickup et al. 1993). 
Pickup and Chewing (1996) indicated that vegetation cover, as measured by an index 
(i. e. PD54) based on data from the Landsat satellite, could also be used as an erosion / 
deposition surrogate so the results have implications for distributed erosion models. 
Their tests with variable drainage area showed that relationships between cover and 
topography, bare area upslope and grazing effects changed systematically with basin size 
and that scale effects were present. 
Pickup et al. (1998) measured grazing intensity indirectly, using distance from water in 
the range lands and and areas of Australia. Vegetation growth was derived from 
remotely sensed vegetation index (i. e. PD54) values before and after large rainfalls. A 
standard measure of vegetation response was established for initial vegetation. Areas less 
than 4 km from water were set to obtain a vegetation response ratio, with benchmark 
areas set further away. Ratio values from test areas suggested decline, improvement and 
no change, consistent with recent management history. The method was applied to areas 
wholly affected by grazing and clear benchmarks were mostly unavailable. Pickup et al. 
concluded that the method was cheaper and more effective than other techniques. 
Chen et al. (1998) observed seasonal changes in the density of photosynthetically active 
vegetation in Derivative-based Green Vegetation Index (DGVI) values derived from 
AVIRIS reflectance spectra of and land shrub and salt grass communities adjacent to 
Mono Lake, California. The study was conducted using AVIRIS data sets acquired in 
late August and early October of 1992.2DZ_DGVI (second-order DGVI-derived in 
reference to zero baseline) showed a strong linear relationship (R2 = 0.93 for August and 
October) with green leaf area index (LAI) values of ten bitterbrush (Purshia tridentata) 
sample stands. 2DZ_DGVI was applied to the two AVIRIS scenes acquired for the two 
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periods mentioned in order to quantify and compare green vegetation cover. Areas 
covered by saltgrass (Distichlis spicata var. stricta) showed the largest change in 
2DZ_DGVI from August to October. Shrubs, including bitterbrush and big sagebrush 
(Artemisia tridentata) changed less during the same period. The lowest seasonal change 
in 2DZ_DGVI occurred in barren areas and locations covered by Jeffrey pine (Pinus 
jeffreyi). Chen et al. implied that the DGVI concept has proved its potential for 
monitoring ecosystems in and and semiarid lands where the influence of exposed rock- 
soil backgrounds reduces the effectiveness of broadband red-NIR vegetation indices. It 
was indicated that spectral indices based on overall reflectivity rather than the 
infrared/red contrast may be useful in monitoring land degradation. 
2.2.2.4 Similar Approaches 
Estimating the amount of vegetation from spectral vegetation indices in and areas with 
sparse vegetative cover is an unreliable method since green vegetation index variations 
due to vegetation structure and soil spectral signature are relatively great (Curran, 1980). 
The reflected light of bare soil makes many landscape components indistinguishable 
when using the four multi-spectral scanner wavebands of Landsat MSS. Similarly, the 
uniform low reflectance of plant materials masks the bright soil (Graetz and Gentle, 
1982; Graetz et al., 1988). Otterman (1981) found that anthropically impacted desert 
areas with decreased vegetation had higher albedo than adjacent non-impacted areas. 
Robinove et al. (1981) calculated albedo from MSS data and correlated albedo changes 
with vegetative increase and decrease, erosion, and changes in surface soil moisture. 
They also indicated that other multi-band weighted sums, such as the Kauth-Thomas 
Brightness component, would tend to respond similarly to albedo due to the high inter- 
correlation of MSS bands in desert scenes. 
The LANDSAT-based rangelands monitoring system designed for semiarid chenopod 
shrublands in southern Australia uses simultaneous ground and LANDSAT measurement 
incorporated into a GIS (LIBRIS) (Pech et al. 1986). The system has been designed for 
rangeland assessment and monitoring (Graetz et al., 1986), to test multivariate 
calibration methods when estimating vegetation cover. Calibration curves with 
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estimation errors were presented for five major rangeland types. Pech et al. made a 
comparison of three landscape composition estimation approaches using Landsat MSS 
values. The Lwin-Maritz and inverse estimators were found to have outperformed the 
classical approach to match LANDSAT and ground measurements from representative 
samples of both landscape type and pasture condition. 
Ringrose and Matheson (1991) undertook an analysis of range conditions in the 
Botswana Kalahari during the 1980-1987 drought. Information from Landsat MSS print 
and tape data was field-checked by both aerial survey and on the ground through two wet 
seasons. Comparison of 327 field and digitised aerial photograph sites with spectral data 
on MSS 4,5 and 7 in relation to hues on Landsat colour composite print data revealed 
three main spectral-vegetation types in that study area. The results indicated that the 
within-plant shadow components on thinly leafed trees and shrubs gave rise to 
darkening. Since 70 per cent of the Kalahari exhibited darkening, an attempt was made to 
resolve darkening components using a hand-held radiometer. The assessment made of 
the remaining plant material (browse) showed that large areas of the Kalahari were 
suffering from poor to intermediate range conditions during the mid to late drought 
period. 
Franklin et al. (1991) examined the effect of variable tree canopy cover, shadows, and 
topography on TM data for blue oak (Quercus douglasii) woodland and wooded 
grassland on rugged terrain in central California. They analysed TM data from 
September 1986 (trees in leaf, grass under senescence) and December 1984 (leafless 
trees, emerging grasses) and adjusted the Li-Strahler geometric-optical canopy 
reflectance model to predict the projected cover of shadow cast by the trees based on 
crown and illumination geometry. The spectral model was aggregated to two 
components: (1) figure (i. e. tree plus shadow) and background (i. e. understorey), and (2) 
the pixel radiances modelled as a function of the cover of the figure. Simulated shadow 
cover was high at intermediate cover values, and was non-linearly related to canopy 
cover. The modelled cover figure in the sample plots at the time of the satellite overpass 
was more highly correlated with TM Band 3 than measured tree cover in both September 
(regression R2 of 0.76 vs. 0.69) and December (R2 of 0.59 vs. 0.53). It was indicated that 
tree cover measured in 84 (60 mx 60 m) field plots show strong negative correlation 
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with TM radiances, excluding Band 6, on both dates and is positively correlated with the 
NDVI in September. TM Band 3 was most highly correlated with canopy cover in the 
research. Franklin et al. concluded in this research that slope illumination explained an 
additional 11 % of the variance in the December data and that the remaining unexplained 
variance probably resulted from spatial variation in understorey and canopy reflectances. 
Although green vegetation has a characteristic reflectance spectrum in the visible and 
near infrared, it has been difficult to quantify vegetation cover of less than about 30% 
due to the spectral dominance of background soils and rocks. 
DeJong (1994) carried out a study to assess the potential use of satellite TM images to 
produce maps of vegetation-related variables for erosion modelling. In a Mediterranean 
study area in southern France the semi-natural vegetation was described at 33 field plots 
using four quantitative methods: the Fosberg structural classification system, the cover 
and management factor of the universal soil loss equation, the leaf area index and the 
total percentage cover. After radiometric correction of the image, the TM bands were 
processed following three different methods. Each method aimed at combining the data 
of the six spectral TM bands into a single band in such a way that the resulting image 
displayed optimal information on green vegetation cover. The algorithms used comprised 
the normalised difference vegetation index (NDVI), the conventional tasselled cap 
transformation and a locally tuned tasselled cap transformation. DeJong implied that 
only slight differences were found for this particular case. Furthermore, the correlations 
between the field variables and image-derived spectral indices were generally low. The 
largest correlations were found for the normalised vegetation index and the leaf area 
index (0.71) and for the normalised vegetation index and Fosberg structural vegetation 
classes (0.76). The Fosberg method resulted in very general classes, which were of little 
use for soil-erosion models, but the spectral indices appeared to be sensitive to the 
vitality of the vegetation. 
Systematic variations in observed plant-species composition and the amount of forage 
were noted by Pickup (1994) in large (> 100 km2) rangeland paddocks within and central 
Australia. Models of grazing distribution and resultant defoliation through time used the 
inverse Gaussian distribution function. Additional model components described the 
effects of natural decline in cover over time and the effects of past grazing on the spatial 
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distribution of palatable species. Models were calibrated using remotely sensed 
vegetation-cover data derived from Landsat MSS and closely reflected the observed 
animal distributions. 
Remote sensing applications used for resource assessment often lack the capacity to test 
image data against predictions. Knight (1995) describes the Remote Environment and 
Management Assessment method (REMA). This new method for the interpretation of 
change in rangeland plant cover (REMA, Knight 1995) uses Landsat MSS data. It had 
been designed to provide a generalised and testable method to assess herbivore impact on 
potential forage productiveness. Alternating periods of plant cover increase and decline, 
relative cover changes along distance from water point axes and gradients of cover 
change and cover resistance to drought were all factors built into the models to interpret 
cover change. The testing of cover changes against neutral predictions provided insights 
into the associations among grazing processes, geomorphology, and climatic conditions. 
Sparrow et al. (1997) developed an ecosystem model for and chenopod shrublands south 
of Alice Springs, which took account of inherent landscape heterogeneity and temporal 
variability. The model focused on the dynamics of simple herbage and shrub biomass 
pools. They indicated that herbage dynamics are most dependent on grazing effects and 
soil erosion while shrub dynamics are most sensitive to soil erosion. When tested against 
historical Landsat MSS imagery, correspondence was found to be good in areas, except 
with high erosion sites. Further work is needed in quantifying rates of soil erosion and 
deposition, measuring shrub growth and die-back in and climates, and assessing 
accurately plant biomass through satellite imagery. 
2.2.3 Mixture Modelling Approach 
Mixture modelling has been used to identify and estimate vegetation cover proportions 
within a pixel (Smith et al., 1990; Puyou-Lascassies et al., 1994; Smith et al., 1994; 
Drake et al 1994). White and Drake (1993) have also used linear mixture modelling to 
generate proportion maps of different surface materials such as gypsum, halite, and 
clastic sediments. This approach has been useful in mapping land degradation in 
semiarid environments (Smith et al., 1990). 
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Smith et al. (1990) computed fractions of vegetation, soils, and shading within the 
smallest resolution elements of TM images by applying a mixing model based on 
laboratory and field reference spectra. Fractions of vegetation were calculated for each 
pixel in TM images taken in December 1982 and May 1985 and the results were 
compared with ground transects. Each image provided a spatially consistent measure of 
the projected vegetation cover. The results obtained in a 150km segment of Owens 
Valley, California showed that mixture modelling facilitates mapping and monitoring of 
sparse vegetation cover over large regions monitored by satellite images. 
Within a simulated setting, Sabol et al. (1992a) determined threshold detection limits for 
target materials in the presence of background materials using spectral mixture analysis. 
Two detection thresholds were determined: 1) continuum threshold analysis (i. e. a 
component of a spectral mixture) and 2) residual threshold analysis. Data quality was 
decreased to simulate the effects of various imaging instruments (spectral sampling and 
noise) as well as changes in lighting geometry. Lower thresholds were attained by 
continuum analysis when there was contrast between the target and mixtures of the 
background spectra throughout much of the spectrum. However, when the uniqueness of 
the target was found in narrow absorption feature(s), residual analysis showed improved 
detection. According to Sabol et al., using spectral mixing analysis as a framework 
makes it possible to specify the conditions that are necessary to detect a particular 
material and the most appropriate imaging system for a given application. 
Mustard (1993) used a linear mixing model to gauge the spectral variability of an 
AVIRIS scene from the western foothills of the Sierra Nevada and to calibrate these 
radiance data to reflectance. Five spectral end-members from the AVIRIS data plus an 
ideal "shade" end-member were required to model the continuum reflectance of each 
pixel within the image. Three of the end-members were interpreted to model the surface 
constituents: green vegetation, dry grass, and illumination. These main transient surface 
constituents were expected to change with shifts in land use or climatic influences and 
viewing conditions. The spectral distinction between the other three end-members was 
very small, yet the spatial distributions were coherent and interpretable. The distributions 
crossed anthropogenic and vegetation boundaries and were best interpreted as different 
soil types. Comparison of the fraction images against bedrock geology maps indicated 
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that substrate composition should be a factor contributing to the spectral properties of 
these end-members. Detailed examination of the reflectance spectra of the three soil end- 
members revealed that differences in the amount of ferric and ferrous iron and/or organic 
constituents in the soils is largely responsible for the differences in the spectral properties 
of the end-members. 
Roberts et al. (1993) analysed an AVIRIS image collected over the Jasper Ridge 
Biological Preserve, California on September 20,1989 using spectral mixture analysis. 
The scene was calibrated to reflectance assuming a homogeneous atmosphere. It was 
modelled initially as a series of linear mixtures of the minimum number of reference 
end-member spectra accounting for maximum spectral variability. Over 98% of the 
spectral variation was explained by linear mixtures of three end-members: green 
vegetation, shade, and soil. Additional spectral variation appeared as residuals. When a 
linear mixing model was applied to spectral subsets of the entire spectrum, non-linear 
mixing was expressed as a variation in the fraction of each end-member. After the 
fractions of the end-member spectra were calculated for each pixel, different types of soil 
were discriminated using the residual spectra. Non-photosynthetic vegetation (NPV) 
(e. g., dry grass, leaf litter, and woody material), which could not initially be 
distinguished from the soil when included as an end-member, was subsequently 
identified by residual spectra containing cellulose and lignin absorptions. 
Three distinct communities of green vegetation were distinguished using: 1) non-linear 
mixing effects caused by transmission and the scattering of green leaves, 2) variations in 
a derived canopy-shade spectrum, and 3) the fraction of NPV. The results of the image 
analysis, supported by field observations in 1990 and 1991, indicated that the multiple 
bands of AVIRIS enhance discrimination of NPV from soil and different types of green 
vegetation. Roberts et al. highlighted the importance of the system's capacity to measure 
narrow absorption bands. 
In Basilicata, southern Italy, Zhou and Folving (1994) applied spectral mixture 
modelling to extract information conducive to the assessment of soil erosion. Their 
method produced an estimate of the proportion of surface cover types (end-members) 
within the pixel. Average spectral responses were extracted from the data sets. They 
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included growing vegetation, non-green sclerophylous vegetation mixed with dry grasses 
and bare soil. Using these spectra as end-members in the model, it was possible to 
decompose the spectral information of all pixels into the three surface components, 
providing a percentage cover for each of the three types within every pixel. Zhou and 
Folving concluded that classification of the pixels according to the percentage of surface 
cover or bare soil facilitates an assessment of erosion or erosion risk. 
Ustin et al. (1996) used Spectral Mixture Analysis (SMA) to distinguish the fractional 
abundance of green foliage, dry grass, and soil in AVIRIS data. Three maximum 
likelihood classifications were carried out using 1) topographic data only, 2) SMA 
fractions only, and 3) both topographic and SMA fractions. The predictions were then 
compared to a vegetation map and to an aerial photograph of the scene. The combined 
data-set (3) produced the highest correspondence with the vegetation map, that is, an 
overall accuracy of 57 per cent for five end-member classes. 
Spectral mixture modelling has been developed in recent years as a suitable remote 
sensing tool for analysing the biophysical and compositional character of ground 
surfaces. Garcia-Haro et al. (1996) tested the potential of the linear spectral mixture 
model for extracting vegetation related parameters from 0.4 - 2.5 µm reflectance data. 
High spectral resolution reflectance laboratory measurements of soil colour and plant 
densities were taken in soil-plant mixtures. The constrained least squares and factor 
analysis unmixing procedures were applied to generate end-member fractions of the 
components present in the mixtures and to test the validity of the model. It was 
concluded that the derived fraction of the vegetation end-member is less sensitive to soil 
background than is the NDVI. Garcia-Haro et al. concluded that the accuracy attainable 
by this modelling approach should be considered sufficient for practical purposes, 
especially when it is used as an operational tool in monitoring vegetation from satellite 
data. 
Tompkins et al. (1997) used linear spectral mixture analysis to model the spectral 
variability in multi- or hyper-spectral images. The selection of spectral end-members 
representing surface components constitutes the most difficult stage in this analytical 
approach. End-members were derived mathematically from the image data following a 
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set of user-defined constraints. A priori knowledge of the data and physical properties of 
the scene was incorporated on the starting model built from the constraints-set and its 
allowable deviations. These constraints were applied to the basic mixing equations, 
which were then solved iteratively to derive a set of spectral end-members that 
minimised the residual error. Because the input to the model was quantitative, the 
derivation process was repeatable, and end-members derived from different sets of 
constraints could be compared to each other directly. A synthetic image cube whose end- 
members were already known, a natural terrestrial scene, and a natural lunar scene were 
used as examples of this spectral end-member derived model. Detailed analysis of the 
model inputs and results revealed that this modified approach to end-member selection 
provided physically realistic spectral end-members. 
After the study in 1993, Roberts et al. (1997) focused on the use of imaging spectrometry 
for change detection. They applied AVIRIS data to the monitoring of seasonal changes 
in atmospheric water vapour, liquid water, and surface cover in the vicinity of the Jasper 
Ridge, California, on three separate dates in 1992. Apparent surface reflectance was 
retrieved and water vapour and liquid water mapped by using a radiative-transfer-based 
inversion that accounted for spatially variable atmospheres. SMA was used to model 
reflectance data as mixtures of green vegetation (GV), NPV, soil, and shade. Temporal 
and spatial patterns in end-member fractions and liquid water were compared to those of 
NDVI. The reflectance retrieval algorithm was tested with the use of a temporally 
invariant target. Atmospheric analysis showed a strongly negative line between water 
vapour and elevation with significant seasonal variation in water vapour. Comparison of 
AVIRIS estimates for specific humidity to ground-based measures showed good 
correspondence for all three dates. Analysis of surface properties showed that GV, NDVI 
and liquid water varied in response to green vegetation cover and correlated highly. 
However, whereas the NDVI peaked between 0.7 and 0.85 in forests, liquid water 
continued to vary by as much as a factor of two. Seasonal patterns included senescence 
in herbaceous and non-coniferous vegetation, potential leaf growth in coniferous forests, 
and a general increase in shadows. They resulted in seasonal declines in NDVI, GV, and 
liquid water for non-forested vegetation and increases in NPV. Non-coniferous forests 
showed similar declines in liquid water and GV as well as increases in shade and NPV. 
However, they also showed an increase in NDVI. In coniferous forests, liquid water and 
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NDVI increased seasonally, matching an interpretation of continued growth, but GV 
decreased owing to increased shade. The combination of retrieved surface reflectance, 
atmospheric modelling, and mapping of liquid water demonstrated the utility of imaging 
spectrometry for change detection. Roberts et al. concluded that SMA combined with the 
use of reference end-members had proved an effective method for monitoring surficial 
changes. 
Wessman et al. (1997) evaluated landscape-level response to fire and grazing treatments 
in the Konza Tallgrass Prairie Research Natural Area, Kansas, using spectral mixture 
analysis of AVIRIS data acquired on August 31,1990. Spectral mixture analysis derived 
the fractional abundances of spectrally unique components in the landscape. End- 
member fraction values were compared against ground values of live biomass, current 
standing dead biomass, and litter for 12 watersheds. Analysis of variance (ANOVA) was 
also performed on 37 watersheds with known burning and grazing histories for each of 
the remote sensing variables. Seven end-members were selected from the AVIRIS data 
using a manual end-member selection method: NPV, soil, rock, shade, and three green 
vegetation end-members (GV 1, GV2, and GV3). Each vegetation end-member correlated 
differently to biomass measurements and revealed unique relationships to management 
treatments. Using regression, ANOVA, and image analysis, the three end-members were 
inferred to represent canopy vertical structure, the leaf area index (LAI), greenness or 
fractional grass cover respectively. There was a stronger relationship between the sum of 
GV 1 and GV3 fractions and live grass biomass values than between the individual 
fractions and live grass biomass taken separately. In an ANOVA, the above sum 
separated both burn and grazing treatments as well as the treatment interaction. The NPV 
fraction was strongly correlated to ground measurements of litter and standing dead 
biomass. More significantly, it isolated burn treatments. Soil fraction differentiated 
grazing treatments, and soil fraction image analysis revealed a spatial coherence among 
grazing patterns along drainages. Spectral mixture analysis not only separated treatments 
but also allowed for the identification of five remotely sensible factors affected by the 
management treatments, namely: vertical structure, percentage cover or patchiness, 
greenness, and distribution of soil and litter. 
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Mettemicht and Fermont (1998) used spectral mixture modelling in the identification and 
mapping of land-degradation features related to soil-erosion processes in the Sacaba 
Valley, Bolivia. The model allowed use of up to five surface components to characterise 
the selected area, since six bands (1,2,3,4,5, and 7) of the Landsat TM sensor were 
used as inputs. Among the various methods commonly used to determine end-members 
from the satellite image, three were selected: a) identification of one "pure" pixel 
representing a particular surface component from false colour composites; b) average of 
"pure" pixels to characterise a particular end-member; and c) a method based on principal 
components. The best characterisation of end-members was achieved by using average 
pure pixel reflectance. The median of the abundance images showed that, in 95% of the 
cases, the individual pixel compositions were explained by the selected surface 
components. The research had demonstrated that regional patterns of soil surface erosion 
features could be reliably mapped using linear spectral mixture analysis. Extrapolation of 
this approach to other regions where soil degradation features were correlated with 
spectrally distinguishable surface characteristics was feasible, provided that an 
optimisation of the unmixing model as a function of local or regional surface component 
types was completed. 
A new technique, called multiple endmember spectral mixture analysis (MESMA), was 
developed and tested in the Santa Monica Mountains, using AVIRIS data acquired in the 
autumn of 1994 to map California chaparral (Roberts et al., 1998). The technique 
modelled remotely measured spectra as linear combinations of endmembers, while 
allowing the types and number of endmembers to vary on a per pixel basis. In this 
manner, vegetation was characterised by a unique set of endmembers as well as by the 
fractions. Reference end-members were selected from a library of field and laboratory 
measured spectra of leaves, canopies, non-photosynthetic materials (e. g. stems) and soils. 
A series of candidate models were applied to the image, then assessed in terms of 
fractions, Root Mean Squared (RMS) error, and residuals on a per pixel basis. If a model 
met all criteria, it was listed as a candidate for that pixel. In the study of Roberts et al., 
selection criteria included fractions between -0.01 and 1.01, a RMS less than 0.025 and a 
residual less than 0.025 in seven or more contiguous bands. A total of 889 two-end- 
member models were evaluated and used to generate 276 three-endmember models. 
Fraction images and vegetation maps showing evergreen and drought deciduous or 
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senesced vegetation were generated through a progressive selection of candidate models. 
Roberts et al. (1998) found that a majority of the image could be modelled as two- 
endmember models and though three-endmember models provided greater aerial 
coverage, vegetation discrimination was impaired due to an increase in model overlap 
(two or more model candidates modelling the same pixel). The vegetation maps 
demonstrated that the technique was capable of discriminating among a large number of 
spectrally distinct types of vegetation while capturing the mosaic-like spatial distribution 
typical of chaparral. However, Roberts et al. (1998) concluded that additional research is 
required to fully evaluate the technique and validate the vegetation maps that were 
produced. 
Regional analyses of biogeochemical processes can benefit significantly from 
observational information on land cover, vegetation structure (e. g. leaf area index) and 
biophysical properties such as fractional PAR absorption. Few remote sensing efforts 
have provided a suite of plant attributes needed to link vegetation structure to ecosystem 
function at high spatial resolution (Asner et al., 1999). Asner et al. (1999) developed and 
tested a radiative transfer inverse modelling approach to deliver estimates of vegetation 
structure in a savannah region of Texas. Spectral mixture analysis of Landsat data 
provided verifiable estimates of woody plant, herbaceous, bare soil, and shade fractions 
at 28.5m resolution. Using these sub-pixel cover fractions, a geometric-optical model 
was inverted to estimate over-storey stand density and crown dimensions with reasonable 
accuracy. The Landsat cover estimates were then used to spectrally unmix the 
contribution of woody plant and herbaceous canopies to AVHRR multi-angle reflectance 
data. These angular reflectances were used with radiative transfer model inversions to 
estimate canopy leaf area index (LAI). The suite of estimated canopy and landscape 
variables indicated distinct patterns in land cover and structural attributes related to land 
use. These variables were used to calculate diurnal PAR absorption and carbon uptake by 
woody and herbaceous canopies in contrasting land cover and land use types. Asner et 
al. found that both LAI and the spatial distribution of vegetation structural types exert 
strong control on carbon fluxes and that inter-canopy shading is an important factor 
controlling functional processes in spatially heterogeneous environments. 
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Drake et al. (1999) applied spectral matching and linear mixture modelling techniques to 
synthetic imagery and AVIRIS SWIR imagery of a semiarid rangeland in order to 
determine their effectiveness as mapping tools. They also wanted to observe the 
synergism between the two methods and to analyse their advantages and limitations in 
rangeland resource exploitation and management. Spectral matching of pure library 
spectra proved an effective method of locating and identifying endmembers for mixture 
modelling but encountered problems when identifying gypsum. Mixture modelling 
accurately estimates proportions for a large number of materials in synthetic imagery; 
however, high noise levels trigger similarly high variance and high error estimates. The 
presence of all nine endmembers was at the root of the problem and selection was 
required. This was achieved by re-computing the errors and the proportion estimates 
until noise was removed from the mixture maps. 
Drake et al. concluded that mixture modelling is favoured in rangeland vegetation 
analyses because the abundance estimates are required. Mixture modelling allowed 
identification of both non-photosynthetic and green vegetation cover and thus total 
cover. Drake et al. (1999) indicated that though the green vegetation mixture map 
appears to be very precise, the NPV estimates were poor. 
2.3 LAND DEGRADATION STUDIES AT JORNADA USING REMOTE SENSING 
2.3.1 Introduction 
Within the Jornada area, special attention is given to vegetation cover and/or soils 
resources degradation because they constitute parameters of land degradation (Dregne, 
1983) as well as environmental variables to be used as indicators of rangeland change 
(Warren and Huchinson, 1984). The condition of vegetation is a descriptive sign, as 
much a characteristic indicator of the origins of degradation as it is a pointer to ongoing 
and future degradation. Warren and Huchinson (1984) indicated that total vegetation 
cover and the ratio of shrub cover to grass cover are related to disturbance. Increasing 
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degrees of ecosystem change are associated with a decrease in total vegetation cover and 
an increase in the ratio of shrub to grass cover. 
The examination of the changes caused by shrub invasion or encroachment (section 
1.2.2) suggests that physical processes such as wind/water erosion and dust deposition 
under shrub canopies contribute strongly to the development of islands of fertility in 
desertified habitats. Shrubland habitats generate greater regional overland flow and 
greater rates of ammonia volatilisation from soils. Over time, these processes act to 
deplete the landscape of soil resources so that the remaining islands of fertility increase 
in their importance as loci of biotic activity (Schlesinger et al., 1990). 
Soil microbial biomass is concentrated in shrub islands whilst soil nitrogen cycling takes 
place in significantly higher areas of low-lying fine-textured soils supporting tarbush and 
playa vegetation which receive "runon" from the desertified shrubland habitats of high 
landscape positions (Gallardo and Schlesinger, 1992). Although vegetation plays a vital 
role, the changes in soil resources have important consequences in ecosystem function, 
linking the ecosystem processes in deserts to changes in the global environment 
(Schlesinger et al., 1990). The records of vegetation change in the Jornada basin clearly 
demonstrate the significance of past disturbance and the transient increase in the mid- 
continental drought and desert vegetation. 
The signs of land degradation are observable in isolated patches scattered across the 
Jornada area and progresses in a discontinuous manner through both time and space. The 
processes of the land degradation become more obvious during periods of drought, 
whereas rainy periods temporarily obscure the damage. On the other hand, the 
disturbance of soil resources results from spatially homogeneous (semiarid grassland) 
and heterogeneous (shrubland) formations. Land degradation must therefore also be 
addressed in a discontinuous manner across space. 
Remote sensing of and regions requires the use of innovative techniques. In the Jornada 
area, desert plants typically manifest long periods of dormancy interspersed with brief 
greening periods associated with storms or seasonal rainfall. During these relatively short 
productive periods, the characteristic spectral features of desert plants change, as does 
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total vegetation cover. Present satellite sensors provide insufficient temporal resolution 
to capture reliably the short, but critical, greening processes. Furthermore, and region 
vegetation is intrinsically difficult to study remotely because: 
1) Vegetative cover usually is sparse compared to soil background, 
2) Soil and plant spectral signatures tend to mix non-linearly, and 
3) Arid plants tend to lack the strong red edge found in plants of humid regions due to 
ecological adaptations to harsh desert environment (Ray, 1995). 
However, satellite remote sensing appears to be promising a tool for mapping and 
monitoring both spatially and temporally the dynamics of landscape change in the 
Jornada Basin since satellite systems provide spatial and spectral resolution. For 
instance, Landsat-MSS data (dating back to 1972) have been used extensively to 
desertification studies and are integrated to provide long-term monitoring of 
environmental changes. Moreover, in order to exploit the existing data records, some 
promising techniques currently use standardised approaches, which generate quantitative 
information for assessing the severity of changes. Thus, attention must be paid to such 
techniques and what they offer in terms of available data archives as well as mapping 
and monitoring of land degradation processes. 
2.3.2 Land Degradation Studies using Landsat MSS Imagery 
Visible and near-infrared multi-spectral images are the most useful data currently 
available to examine vegetation patterns and corresponding ecological processes at the 
regional and global scales (Smith et al., 1990). Landsat MSS has four spectral channels, 
two in the visible and two in the near infrared with coverage extending back to 1972. 
Therefore, it is possible to construct a history of land cover change from the archived 
data. Moreover, the relatively low cost of MSS data also makes them attractive. 
A commonly used technique for monitoring rangeland with Landsat MSS is to estimate 
vegetation amount using vegetation indices. Vegetation change can be detected with the 
use of spectral vegetation indices (e. g. MSS band 5, albedo, and Kauth-Thomas 
Brightness component. Musick (1984) calculated the spectral index change from 1976 to 
-72- 
CHAPTER 2 REMOTE SENSING OF LAND DEGRADATION 
1980 using retrospective MSS data to compare and correlate total vegetation cover, 
combined cover of mesquite plus snakeweed, and perennial grass cover with qualitative 
ground truth at the Jornada Experimental Range. He concluded that cover change could 
be detected as a consequence of shrub control and changes in grazing intensity and 
rainfall by adjusting the brightness indices. 
Warren and Hutchinson (1984) conducted a detailed vegetation sampling to acquire the 
ground truth data for correlation with spectral indices and to determine the relation of 
field-measured parameters to range-land degradation in the Jornada area. Total 
vegetation cover and organic soil cover were monitored from single-date satellite data. 
They concluded that a decrease in total vegetation cover and increases in shrub-grass 
ratio are indicative of rangeland degradation. They also suggested that the shrub-grass 
ratio necessary to identify the direction of change could possibly be determined by 
examining multi-date satellite data corresponding to the times when grasses and shrubs 
exhibit their maximum green biomass. 
Yool et al. (1997) used the Jornada Basin as a case study by testing the suitability of 
Landsat Multi-Spectral Scanner (MSS) data for detecting vegetation changes, cycles of 
drought and heavy grazing. Integrated remote sensing and geographic information 
system (GIS) techniques were used to facilitate automated detection of these rangeland 
changes. Yool et al. (1997) employed a GIS to store and process two 4-band, co- 
registered multi-temporal Landsat MSS scenes collected in July 1983 and August 1992. 
Scene-to-scene radiometric calibration was performed using a regression technique. The 
data were then evaluated for changes using three different algorithms: 1) the differences 
between the 'red' (chlorophyll absorption) bands for the two scenes; 2) the Euclidean 
distances between the 'red' and 'near-infrared' bands for the two scenes and 3) a 
standardised principal components analysis using all eight MSS bands. A threshold of 
three standard deviations above the mean was applied to each of the three resulting 
'change' images to represent areas of extreme change. Correlation among these images 
ranged between 0.83 and 0.95. The patterns and extent of extreme change could be 
successfully identified through these techniques and thus have potential value for 
management of rangelands resources. 
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Remote sensing facilitates cross-scale validation, enables analysis of processes and 
patterns in time and space, and is thus viable for conducting Earth system science 
research (Yool, 1998). Multi-scale analyses of natural vegetation patterns and processes 
in the northern Chihuahuan Desert showed that natural vegetation is capable of 
recovering from short-term, high intensity disturbances such as an atomic bomb blast. In 
contrast, the Chihuahuan Desert is less resilient to long-term low intensity disturbances 
such as mesquite dunelands, which persist on other sites grazed before the blast. Yool 
(1998) used a GIS to register historical Landsat MSS data acquired over Trinity National 
Historic Site (TNHS), New Mexico, and the vicinity. Aerial and ground photography 
provide supporting detail at finer scales regarding the distribution and pattern of natural 
vegetation at TNHS Ground Zero and the adjacent weapons impact targets. Aside from 
the initial mechanical and thermal damage to vegetation from the first atomic test over 
half a century ago, analyses of vegetation at satellite and air-photo scales showed no 
apparent persistent blast effects around TNHS. 
2.3.3 Land Degradation Studies using SPOT Imagery 
The SPOT satellite has three channels: two in the visible and one in the near infrared. 
The French satellites SPOT 1 and 2, launched respectively in 1986 and 1990, carry two 
imaging devices referred to as High Resolution Visible (HRV). The technology used for 
image acquisition in these instruments is different from that employed in the Landsat 
MSS and TM devices. Rather than using oscillating mirrors to provide cross-track 
scanning during the forward motion of the space platform, the SPOT HRV instruments 
consist of a linear array of charge coupled device (CCD) detectors. These form what is 
commonly referred as a "push broom" scanner. Each detector in the array scans a strip in 
the `along track direction' - by having several thousands of such detectors a wide swath 
can be imaged without the need for mechanical scanning. Moreover, the long `effective 
dwell time' provides each pixel with a higher spatial resolution. A trade-off however is 
that charge coupled device technology was not available for wavelengths into the middle 
infrared range at the time of early SPOT development. The HRV covers a ground swath 
width of 60 km; two instruments are mounted side by side in the spacecraft to give a total 
-74- 
CHAPTER 2 REMOTE SENSING OF LAND DEGRADATION 
swath width of 117 km, there being a 3km overlap of the individual swaths. Two 
imaging modes are possible: 1) multi-spectral mode and 2) panchromatic mode. 
Using SPOT HRV Multi-spectral (XS) imagery, Franklin and Turner (1992) tested the 
Li-Strahler canopy model for semiarid shrub vegetation based on 26,1-ha sites in five 
classes of shrub vegetation: two dominated by tarbush, one by creosotebush, and two by 
mesquite. The model was driven by reflectance values derived from June and September 
imagery. While predictions of crown size and density for individual sites had a large 
average error of 35%, the predictions of shrub size and density were reasonably accurate 
when grouped by shrub class. Accuracy was highest but predictions were biased for 
some classes (size was underestimated) when the non-random shrub pattern was 
characterised for the class based on the average coefficient of determination of density. 
Franklin and Turner concluded that results based on June data were not better than those 
based on September data. The hypothesised lower background "noise" (e. g. less green 
herbaceous cover could be confused with shrub cover in the simple reflectance model) 
was not observed in the June data and this could be due to the poor radiometric quality of 
the June image. 
Franklin et al. (1993) sampled the spectral reflectance of the shaded and unshaded 
components of Chihuahuan desert plant communities (shrubs, soil, sub-shrubs, and 
perennial grasses) in the SPOT wavebands using a hand-held radiometer. They 
examined the mean reflectance differences between components to evaluate their spectral 
separability though shrub canopy and shaded components had similar reflectance in the 
visible wavebands. When reflectance measurements were transformed to normalised 
ratio (NDVI, SAVI) and orthogonal green vegetation indices, the shaded and sunlit 
portions of each component (canopy and soil) were similar but the shaded components 
were intermediate between their sunlit counterparts. Different soil types and plant 
species with different life forms (e. g. shrubs, grasses) and phenologies exhibited 
different reflectance characteristics. Franklin et al. concluded that the broadband 
reflectances of the three dominant shrub species were similar at the end of the growing 
season, in spite of their differences in morphology. 
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Duncan et al. (1993) assessed the statistical relations between spectral vegetation indices 
(SVIs) derived from SPOT multi-spectral data and semiarid shrub cover at the Jornada 
LTER site in New Mexico. Despite a limited range of shrub cover in the sample the 
analyses resulted in R2 values as high as 0.77. Greenness SVIs (e. g. Simple Ratio, NDVI, 
SAVI, PVI and an orthogonal Greenness index) were shown to be more sensitive to 
shrub type and phenology than brightness SVIs (e. g. green, red and near-infrared 
reflectances). The results also indicated the potential for the spectral differentiation of 
shrub types and shrubs from grass, using multi-temporal, multi-spectral analysis. 
2.3.4 Land Degradation Studies using AVHRR Images 
The AVHRR has been designed to provide information for hydrologic, oceanographic 
and meteorologic studies, although data provided by the sensor does find application also 
in solid earth monitoring. The AVHRR instrument has five channels in the visible, near 
infrared and thermal infrared, each with a 1. lkm ground resolution. The repetitive 
coverage improves the chances of obtaining cloud-free imagery and allows the 
monitoring of large-scale and regional features to produce vegetation index maps. The 
vegetation index mapping reduces the effects of cloud cover by temporarily compositing 
geographically registered data sets over weekly imaging periods. 
The main advantage that NOAA AVHRR data provides is that they can support multi- 
temporal approaches to vegetation and terrain classification much more readily and cost 
effectively than with Landsat or SPOT data. Peters et al. (1997) demonstrated the 
feasibility of mapping desertification processes on a regional scale using a time series of 
satellite images. They also illustrated the potential for monitoring desertification 
processes through time. Fifteen AVHRR images of southern New Mexico, spread over 
the growing season of 1989, were processed to yield images of normalized difference 
vegetation indices. Computer classification (maximum likelihood) of these images and 
comparison with extensive ground measurements confirmed the identification of the 
major classes of shrubland, grassland and mixed shrub and grass areas. This approach 
has shown that the accurate identification of vegetation types even under conditions of 
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sparse vegetation cover is possible. The phenologies of grassland and shrubland have 
also been revealed within the time series of satellite images. 
2.3.5 Land Degradation Studies using Video Remote Sensing Systems 
Most prominent among the attractive attributes of video remote sensing systems are the 
near-real-time availability of its imagery and their relatively low cost. The new digital 
video systems now available may well be the remote sensing tool of choice for rangeland 
applications in the future. The digital airborne multi-spectral video system, 
circumventing the use of a VCR, has considerable potential for rapid data accumulation 
and analysis, both by image processing systems and by GIS. 
Phinn et al. (1996) used high resolution airborne digital video image data, biomass 
measurements and spatial statistics to map above-ground biomass for the five major 
semiarid plant communities in the Jornada LTER site. The two principal objectives were 
to determine: 1) spatial characteristics of and shrub versus semiarid grassland vegetation; 
and 2) a suitable image spatial resolution and ground sampling interval to map above- 
ground bio-mass spatial distribution for these vegetation types. The spatial 
characteristics of each plant community were established by analysing digital images at 
varying pixel sizes using semi-variograms. As pixel size increased from 0.5 m to 16 m, 
little information on vegetation pattern and abundance was lost in grassland and playa 
grassland sites. In comparison, the pattern and abundance of vegetation became 
indistinct in shrubland sites once pixel size exceeded mean shrub diameter. This work 
illustrated the utility of variograms from remotely sensed data for two applications: 1) 
determining a suitable scale to examine an ecosystem's spatial structure; and 2) providing 
information on the spatial pattern of vegetation as an indicator of ecosystem condition in 
the context of a model for desertification. 
2.3.6 Land Degradation Studies using Other Remote Sensing Data 
Musick et al. (1998) evaluated the use of polarimetric Airborne Synthetic Aperture 
Radar (AIRSAR) data to assess woody shrub density in a semiarid site where the 
vegetation consists primarily of varied mixtures of herbaceous vegetation and shrubs. 
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AIRSAR data and field observations of vegetation cover and growth form composition 
were obtained for 59 sites in the Jornada del Muerto plain. Radar signature measures 
examined were C-, L- and VV polarisation, ratios of sigma(O)HH and sigma(O)HV to 
sigma(0)VV, and the HH-VV polarisation phase difference and correlation coefficient. 
The most effective measure for estimation of shrub density was L-band sigma(0)HV, 
which distinguished among shrub density classes with no misclassification. Sensitivity of 
this measure to small amounts of shrub cover was indicated by successful separation of 
sites with < 1% shrub cover from sites with 1-5% cover. Separability of shrub density 
classes was generally least for C-band signature measures. A distinctive radar signature 
was exhibited by dense stands of yucca (Yucca clata), a semi tree-like plant with 
uniformly thick (approximate to 10cm diameter) fibrous stems. Yucca sites were 
distinguished from others by their high P-band sigma(0)HV relative to L-band sigma 
(0)HV. The results were largely explained by the greater sensitivity of longer 
wavelengths to larger canopy structural elements. L-band sigma(O)HV and other 
measures responsive to canopy volume scattering were more strongly related to shrub 
than to herbaceous plant. The uniform-diameter stems of yucca have larger dimensions 
to which P-band is more sensitive than L-band. 
Airborne laser altimetry is a remote sensing technique that can provide high resolution 
data on the roughness of the landscape both for estimating water balance components 
and for distinguishing between landscapes (Pachepsky et al., 1997). Models of the scale- 
dependent roughness were needed to find scales most appropriate for these purposes. The 
objectives were to apply fractal scaling to high-resolution profiling laser altimetry data 
and to determine fractal parameters for differentiating land cover. Data were collected at 
the USDA-ARS Jornada Experimental Range in New Mexico over grass-dominated and 
shrub-dominated sites along four transects at each site. Scale-dependent RMS roughness 
and data power spectra were computed from 100,000 data points (equivalent to 2 km) 
from each transect. A linearity measure and piecewise linear approximation were applied 
to find intervals of the fractal scaling. The RMS roughness data had two intervals of self- 
affine fractal scaling on grass transects and four such intervals on shrub transects. 
Reduction in the number of data points did not lead to a decrease in roughness but 
caused a smoothing dependency of fractal dimension on scale. Pachepsky et al. (1997) 
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implied that ten- and hundred-meter scales were appropriate for distinguishing between 
grass and shrub transects on the basis of fractal dimensions. 
Fractal geometry is a useful tool for the analysis of landscape data (Pachepsky and 
Ritchie, 1998). In the study conducted by Pachepsky and Ritchie (1998), fractal scaling 
was applied to high-resolution landscape data collected with a profiling laser altimeter. 
The objective of this work was to assess the persistence of scaling differences over time. 
Data were collected at the United States Department of Agriculture (USDA), Agriculture 
Research Service (ARS) Jornada Experimental Range in New Mexico, USA in May and 
September 1995 and February 1996. The areas scanned comprised a grass-dominated 
site, a shrub-dominated site, and a transitional area between shrub- and grass-dominated 
sites along four transects at each site for each date. RMS roughness was scale-dependent 
and had more than one range of self-affine scaling. Different numbers of self-affine 
scaling intervals, boundaries of intervals, and fractal dimensions over these intervals 
were associated with different land covers (Pachepsky and Ritchie, 1998). 
2.4 DISCUSSIONS AND CONCLUSIONS 
2.4.1 Discussions 
Arid region monitoring differs intrinsically from the more developed practice of remote 
sensing of humid vegetated areas. The plants of and regions are uniquely adapted to 
survive in their environment, and such adaptation tends to reduce the ability of 
conventional remote sensing to measure plant cover. Similarly, conventional vegetative 
red indices may provide over- or under- estimates of the actual vegetative cover. 
Moreover, the absence of sequential surveys - only useful if baselines for comparison 
have been established (Nelson, 1988; Rodenberg, 1991) - limits our understanding of 
land degradation in terms of trends and speeds (Warren and Agnew, 1988). 
Due to the extent of the subtle and insidious processes in land degradation, traditional 
approaches are not sufficient to assess its impact. Traditional approaches to the 
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assessment of land degradation usually involve the production of maps showing the 
extent and intensity of processes such as sheet or gully erosion (Pickup and Chewings, 
1996). These approaches involve a trade-off between approximate methods (e. g. aerial 
photography interpretation only) which give broad spatial coverage but are subjective 
and non-repeatable, and precise methods (e. g. ground measurement techniques) which 
only apply to very small areas and are not representative of diverse landscapes (Pickup 
and Chewings, 1996). 
Although it is not clear how findings from field studies at the patch scale can be 
extrapolated and up-scaled to relatively large areas, it is believed that remote sensing 
systems, and in particular Earth-observation satellites (e. g. Landsat data), can 
significantly contribute to solve this problem (Hill et al., 1996). It is generally agreed 
that a successful understanding and management of the processes of land degradation 
must be based upon accurate mapping and monitoring of current changes (Warren and 
Hutchinson, 1984). Remote sensing plays a role in any successful monitoring system 
(Reining, 1978; Rapp and Hellden, 1979; Warren and Hutchinson, 1984). Satellite 
remote sensing is virtually the only data source, which permits a repeated monitoring of 
land degradation dynamics. 
Satellite remote sensing has the potential to overcome many of the problems (e. g. the 
manpower and fiscal restrictions) faced by traditional approaches to facilitate extensive 
and intensive investigation and profound analytical examination of land degradation. 
Satellite remote sensing that has frequent coverage along predictable flight paths offers 
the opportunity to investigate land degradation repeatedly. Accurate identification of 
vegetation types under conditions of sparse vegetation cover optimised by repeated 
coverage of the area under study (e. g. Peters et al., 1997). Repeated coverage also 
provides us with the possibility of describing surface conditions and vegetation cover 
over time by monitoring 20 years of increased grazing impact (Hill et al., 1998). 
The goal of many studies (e. g. the Jomada LTER project) is to couple ground-based 
studies with the high temporal resolution monitoring capabilities offered by satellite 
remote sensing. Some studies indicated the potential for the spectral differentiation of 
vegetation cover (e. g. shrub types and shrubs from grass) using multi-temporal or multi- 
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spectral analysis. For instance, as mentioned in Section 2.3.3, Duncan et al. (1993) 
conducted a study to investigate the relationship between spectral vegetation indices 
derived from satellite data (i. e. SPOT HRV XS digital images) and surface vegetation 
parameters estimated from colour aerial photographs. Their results varied substantially 
with small-scale changes in plot size (60 m by 60 m to 100 m by 100 m) as a 
consequence of landscape heterogeneity. The results implied that the choice of plot size 
(and satellite spatial resolution) should be made explicitly in conjunction with 
informaion about surface heterogeneity. 
It is important that remote sensing can be supported by validation on the ground for a 
better perception of the extent and processes of degradation (Mainguet, 1994). Remote 
sensing should be able to provide an adjunct to ground observations by expanding the 
reference points in time and space with field observations made at a single point in a 
given region and thus remaining true to the particularity of each area under study. In 
other words, ground observation anchors satellite observations with the satellite remote 
sensing effectively multiplying the value of the data acquired on the ground and 
identifying the specific localities where additional and repeat ground surveys are most 
needed. 
Based on the review in this chapter, remote sensing techniques have the potential for 
providing information on the semi-arid environment with considerable spatial resolution 
when applied to land degradation observation. This information, however, needs to be 
extracted from the measurements with the help of complex procedures, since some of the 
variables of interest are not directly retrievable from remote sensing data. Some of the 
most important physical indicators of land degradation in the Jornada basin might be 
related to vegetation cover change and/or the destruction of soil resources (e. g. total 
vegetation cover, shrub to grass ratio, and soil degradation). 
It is for this particular reason that the use of the satellite remote sensing approach is 
advocated for the mapping and monitoring of environmental change primarily as a 
standardised system for the characterisation of vegetation cover both at the temporal and 
spatial levels. Such satellite systems provide the spatial and spectral resolution needed to 
exploit the existing data records while some promising techniques now use standardised 
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approaches (e. g. spectral vegetation indices and mixture modelling) to generate 
quantitative information helpful in assessing more precisely the severity of 
environmental change. 
2.4.2 Conclusions 
1) Due to the immense scale of the problem of land degradation, manpower and fiscal 
restrictions often limit the practice of extensive and/or intensive investigation. 
Remote sensing has the potential to overcome these restrictions and facilitate 
extensive and intensive investigation conducive to a profound analytical examination 
of land degradation. Remote sensing data, available in temporal sequences for the 
measurement and interpretation of surface parameters of degraded land, allows a 
distinction between long-term changes and the short-term variability of the signal. 
The preceding literature review points to spatial and temporal variability of surface 
reflectance as good indicators of and and semiarid landscape condition. However, 
radiometric, atmospheric and topographic factors all affect the measurement of 
surface reflectance from satellites. The effect of deriving surface reflectance from 
satellites with different spectral wavebands is an issue to be addressed if regional 
and/or global scale monitoring of and landscapes is to be successfully implemented 
with data obtained from satellite observations. 
2) In order to become operational, methods must satisfy specific requirements in terms 
of standardisation and portability. These include radiometric rectification of image 
data and the use of standardised processing methods and parameters, providing the 
possibility to regularly apply the same method in different regions. Since plants have 
a distinct spectral signature with low reflectance in the visible and short wave 
infrared part of the spectrum and high reflectance in the near-infrared region, 
attempts have been made to use this spectral feature for estimating vegetation cover 
and biomass through various vegetation indices. These indices potentially provide 
more reliable scene-to-scene comparisons of green vegetation abundance than multi- 
spectral classification approaches do, in particular because the interaction of human 
analysts can be minimised. Although images of vegetation indices exhibit significant 
structure and are widely used in various applications, much concern has been 
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expressed about their sensitivity to the state of the atmosphere, illumination and 
observation geometry and to the background reflectance of soils and rocks. 
Moreover, as these indices implicitly employ average soil spectra, it still appears 
difficult to fully compensate the effects that result from spatially variable substrate 
types. 
3) Remotely sensed data that have been used in land-degradation studies at Jomada are 
Landsat MSS, SPOT, AVHRR, and digital video image data among others. 
However, the application of Landsat TM data with higher spectral and spatial 
resolution has not been explored in the investigation of land degradation. Satellite- 
based land degradation mapping and monitoring require widely unbiased estimations 
of vegetation abundance (i. e. independently from soil background reflectance and 
illumination condition) because the changes in vegetation conditions provide 
important indications about the land degradation (desertification) processes. The 
precise detection of the changes therefore constitutes the core element in 
understanding the degradation of Jornada ecosystems. Although various methods of 
image processing have been applied, mixture modelling, which has the potential for 
mapping and monitoring land degradation in the Jornada area has never before been 
used (section 2.2.3). 
4) Multi-spectral data analysis based on mixture modelling has been developed and has 
been shown to overcome some of the above-mentioned drawbacks stemming from 
traditional approaches. It appears capable of providing less biased maps of vegetation 
abundance. Linear mixture modelling assumes that the surface components are large 
and/or opaque enough to allow photons to interact with only one component. Spectra 
can then be unmixed by inverting the linear mixing equation using a least squares 
regression. The objective is to isolate the spectral contribution of important surface 
materials before these are edited and recombined to produce thematic maps. Suitable 
spectral end-members can be selected so that inputs from individual analysts are 
minimised. Selective editing of the resulting fraction images permits an efficient 
separation of vegetation and soil related spectral information. This is an important 
advantage for obtaining more objective estimates of vegetation abundance, and for 
mapping substrate-related spectral soil properties more independently from the 
disturbing influence of sparse vegetation cover or soil moisture and illumination 
differences. 
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3.1 INTRODUCTION 
Images consist of discrete picture elements, called pixels. Associated with each pixel is a 
digital number (DN) that can be equated to the average radiance (or brightness) of a 
relatively tiny area within a scene. The value of each pixel in a satellite image of the 
Earth represents the total amount of radiation received by the sensor's optics. The total 
amount of radiation includes not only the radiation reflected from the surface and 
transmitted through the atmosphere, but also that radiation scattered by the atmosphere. 
Schowengerdt (1983) has argued that atmospheric effects are nearly constant over large 
areas and that changes in radiance detected by a sensor are due to changes in ground 
radiance. 
Because remote sensing is able to provide information about some of the variables in a 
given ecosystem and related variables in the process of land degradation, we assume that 
land degradation may be studied and monitored with the help of space measurements. 
Field studies should yield the data and information needed to establish the basis for the 
physical interpretation and understanding of the degradation being monitored. In 
practise, however, this is scientifically extremely challenging because the land surface 
being observed is a dynamic evolving system (Imeson et al., 1995). 
-84- 
HAPTER 3 METHODS AND TECHNIOUES 
In their paper on satellite remote sensing, Verstraete et at. (1994a), analysed the role of 
remotely sensed data according to the quantifiable state variables used to identify 
different types of remotely sensed variables. They also discussed the advantages and 
limitations of algorithms currently in use for obtaining the parameter values needed. 
Pinty et al. (1996) reviewed the application of remote sensing to land degradation or the 
study of desertification. They pointed out that there are three types of variables to be 
distinguished: 1) measurable, 2) hidden, and 3) retrievable variables. 
1) Measurable variables are those variables, which describe directly a property of the 
radiative system in the units of the measurements. Typically, the property could be a 
back scattering coefficient in a microwave domain, a brightness temperature in the 
thermal region, or a reflectance or albedo in the solar domain. For example, measurable 
variables controlling the energy and mass fluxes at the interfaces between the media in 
the solar domain are useful for studying land degradation. However, the variables 
measured remotely are not always immediately usable (Pinty et al., 1996). 
2) Deep soil moisture and the properties of rooting systems are typical examples of 
hidden variables in the context of land degradation studies. These variables do not 
directly control or affect the transport of radiation in the observed media and cannot be 
directly retrieved from an analysis of the radiance measurements because they do not 
affect the measurements. 
3) Retrievable variables refer to those variables which significantly and directly control 
the transport of radiant energy in the system. The values of retrievable variables can be 
derived from a set of measurements, but this operation requires an inversion procedure. 
These variables play a major role in the equation of radiation transport that explains the 
radiance field measurable by a space instrument. 
The retrievable variables are in fact the so-called state variables of the radiative problem, 
i. e., those that directly determine how the radiation interacts with the media. Their values 
are retrievable in principle by inverting physically based models of radiation transfer 
against the observations. A general discussion of this topic is provided in Pinty and 
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Verstraete (1992a), while the mathematical aspects of the inversion problem can be 
found in Verstraete and Pinty (1992) and Verstraete (1994b). 
An alternative to this physically based approach is to estimate the variables of interest by 
directly correlating them with the measurements. One such approach is based on the so- 
called vegetation indices, an image classification technique, which exploits the 
differences in spectral signature of different surfaces to identify the type of target being 
observed and its properties. Further estimation of vegetation properties on the basis of a 
vegetation index requires an empirical correlation between those measurements and the 
surface properties of interest. It should be clear, however, that empirical correlation 
represents a re-mapping of the reflectance measurements into a different set of units 
(Pinty et al., 1996). 
The potential contribution of remote sensing techniques to the assessment of land 
degradation depends on whether or not the set of hidden variables relative to the problem 
at hand is large or not by comparison to the other two sets of variables. As an extreme 
case, if the behaviour of the system under study is entirely explained by hidden variables, 
then there is little hope that remote sensing data will provide useful information for 
application. However, we have assume that in the context of land degradation, that some 
key environmental variables belong to the set of retrievable variables (Pinty et al., 1996), 
which this chapter focuses on. 
This chapter gives a detailed description of the methodology used in addressing the aim 
of this research. Section 3.2 introduces image-processing methods for degraded land 
application. Sections 3.3 to 3.5 presents an overview of the methods and techniques, 
including spectral vegetation indices, mixture modelling, field methods, and statistical 
methods, to tackle the major objectives of the research. 
3.2 IMAGE-PROCESSING TECHNIQUES 
Image processing is the numerical manipulation of images obtained directly from a 
scanner system such as that on the Landsat satellites, but which may also be derived 
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from photographs that have been digitised in the laboratory by an optical scanner. 
Broadly, image processing includes pre-processing, enhancement, and classification. 
Image pre-processing is designed to remove any undesirable image characteristics 
produced by the sensor. It is subject to the initial processing of raw data and the 
calibration of image radiometry and correct geometric distortions (i. e. spatial registration 
and geometrical manipulation). The pre-processed images are then presented for 
enhancement or classification processing, or both. Image enhancement techniques (e. g. 
contrast modification, spatial filtering, and band ratios) are utilised in producing an 
enhanced image used to emphasise subtle information and aid human visual 
interpretation. Although pre-processing and enhancement may be considered distinct 
topics, in practice there exist many inter-relationships. Many of the techniques used for 
image pre-processing are functionally similar to those of image enhancement. For 
instance, noise suppression in image pre-processing may just as well be considered an 
image enhancement technique. Therefore, in this research both pre-processing and 
enhancement techniques are termed preliminary data-analysis techniques. 
Image classification carries processing a step further and attempts to replace visual 
interpretation with thematic mapping. The purpose of image classification is to make the 
mapping process more quantitative and objective. The image classification techniques 
used in this research are mixture modelling and spectral vegetation indices. Drake (1992) 
has argued that a method of classification is needed that: 1) uses all the spectral 
information; 2) allows traditional image interpretation procedures to be applied; 3) takes 
into account the fact that many pixels are mixtures; and 4) does not allow the definition 
of high variance classes by taking into account the spectral properties of the ground 
cover types. He also indicated that the concept of the end-member spectra used in 
mixture modelling satisfies all of the above conditions. The following sections describe 
preliminary data-analysis techniques, spectral vegetation indices approach, mixture 
modelling approach, field methods, and statistical methods in detail. 
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3.3 PRELIMINARY DATA ANALYSIS TECHNIQUES 
Preliminary data analysis techniques in this research include correction of geometric 
distortions and contrast modification. They are used to assist this research in the 
qualitative (visual) interpretation of images. Data pre-processing for this research was 
carried out on a PC using the Environment for Visualising Images (ENVI 3.0) software 
by Better Solutions Consulting (BSC) of Research Systems, Inc. 
3.3.1 Correction of Geometric Distortions 
There are potentially many more sources of geometric distortion of image data than 
radiometric distortion and their effects are more severe. They can be related to a number 
of factors, including: 
1) the rotation of the Earth during image acquisition, 
2) the finite scan rate of sensors, 
3) the wide field of view of some sensors, 
4) the curvature of the Earth, 
5) sensor non-idealities, 
6) variations in platform altitude, attitude, and velocity, and 
7) panoramic effects related to imaging geometry (Richards, 1993). 
It is the purpose of this sub-section to discuss and describe means by which the distortion 
can be compensated. There are two techniques that can be used to correct the various 
types of geometric distortion present in image data. One is to model the nature and 
magnitude of the sources of distortion and use this model to establish correction 
formulae. The second technique depends upon establishing mathematical relationships 
between the addresses of pixels in an image and the corresponding co-ordinates of those 
points on the ground (via a map). 
Using correction techniques an image can be registered to a map co-ordinate system and 
therefore have its pixels addressable in terms of the map's co-ordinates rather than pixel 
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and line numbers. Registration methods could be image-to-image or image-to-map. 
Expressing image pixel addresses in terms of a map co-ordinate base is often referred to 
as geo-coding; ultimately it would be anticipated that remote sensing image data could 
be purchased according to bounds expressed in map co-ordinates rather than in scenes or 
frames. 
Precise image-to-image or image-to-map registration is necessary to form image 
mosaics, map temporal changes accurately, compare images from two different sensors, 
or combine multi-spectral images in a colour composite. The accuracy to which images 
may be registered depends on many factors. Registration of multi-temporal images, for 
example, is sometimes difficult because of the very temporal changes of interest. Unless 
the images are one year apart, changing solar elevations will result in different shadow 
patterns that can produce mis-registration if heavily shadowed locations are chosen for 
correlation. Lake (or river) boundaries can also change because of changes in water 
level, and are not reliable features for registration. Similarly, multi-spectral images can 
differ from each other considerably, making band-to-band registration difficult. Although 
most digital sensors are designed to provide multi-spectral data that is registered band-to- 
band, the increasing use of multi-source and multi-sensor data has made the requirement 
for registering diverse sets of data commonplace. 
ENVI's image registration and geometric correction utilities allow users to reference 
images to geographic co-ordinates and/or correct them to match base image geometry. 
Images can be rotated prior to registration. Ground control points (GCPs) are selected 
using the full resolution (Main Image) and Zoom windows for both image-to-image and 
image-to-map registration. Image-to-image registration requires that two images be 
displayed. Ground control points are picked using each display's zoom window. Sub- 
pixel (fractional) co-ordinates can be selected. Once enough points have been picked to 
define a warp polynomial, GCP locations in the warp image can be predicted. GCPs can 
be saved and restored to/from files and the colour labels and ordering of the GCP 
markers can be changed. 
Image-to-map registration requires that at least one image be displayed. GCPs are 
selected in the image using the cursor in the zoom window. Sub-pixel co-ordinates can 
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be selected. Corresponding map co-ordinates are entered manually or from a vector 
window. Once enough points have been picked to define a warp polynomial, GCP 
locations in the warp image can be predicted. GCPs can be saved and restored to/from 
files and the colour labels and ordering of the GCP markers can be changed. 
Co-ordinates are displayed for both base and uncorrected image GCPs, along with error 
terms for specific warping algorithms. Warping is performed using re-sampling, scaling 
and translation (RST); polynomial functions (of order 1 through n); and Delaunay 
triangulation. Re-sampling methods supported include nearest-neighbour, bilinear, and 
cubic convolution. Comparison of the base and warped images using ENVI's multiple 
Dynamic Overlay capabilities allows quick assessment of registration accuracy. 
3.3.2 Contrast Modification 
Contrast modification is an image-enhancement technique. It is also a mapping of 
brightness values, in that the brightness value of a particular histogram bar is re-specified 
more favourably. Contrast modification in ENVI allows the user to adjust the colour or 
greyscale range of a selected image. ENVI's contrast modification methods contain most 
types of interactive stretches. They are: 1) linear contrast stretching, 2) piecewise linear 
contrast stretching, 3) Gaussian contrast stretching, 4) histogram equalisation contrast 
stretching, 5) square root contrast stretching, and 6) arbitrary contrast stretching. 
1) Linear contrast stretching is probably the most commonly used image enhancement 
technique. It uses the minimum and maximum values of the data to perform a linear 
contrast stretch (no clipping). This is particularly useful for displaying images with only 
a few data values where clipping might saturate all of the values. The 2% option 
provides a 2% clip at both ends of the displayed data applied as a linear stretch. A linear 
stretch sets a minimum and maximum input value to 0 and 255 respectively and all other 
values in between are set to an intermediate output value linearly. 
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2) A particularly useful and flexible contrast modification procedure is the "piecewise" 
linear mapping function. This is characterised by a set of user specified break points. 
Generally, the user can also specify the number of break points. This method has 
particular value in implementing some of the contrast matching procedures. A piecewise 
linear contrast stretch can be interactively defined by using the mouse of a PC to position 
points in the input histogram. Linear segments connect the points while providing linear 
stretching between them. 
3) For its part, the Gaussian stretch is centred at a mean DN of 127 with the data 
distributed over a range of three standard deviations. It needs minimum and maximum 
values and the desired number of standard deviations for stretching. 
4) Histogram equalisation contrast stretching can automatically scale the data to equalise 
the number of DNs in each histogram bin. 
5) Square root contrast stretching takes a square root of the input histogram and then 
applies a linear stretch. 
6) Finally, arbitrary contrast stretching allows the user to "arbitrarily" draw any shape 
histogram on top of the output histogram or match a histogram from another image. 
Contrast modification is a pixel-by-pixel radiometric transformation that is designed to 
enhance visual discrimination of low contrast image features. Each pixel's grey level is 
changed by the specified transformation, without regard for neighbouring pixel grey 
levels. The pixel-by-pixel transformation property allows contrast modification to be 
performed by a table look-up procedure: a fast processing technique well suited to the 
integer arithmetic often used on a PC. 
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3.4 SPECTRAL VEGETATION INDICES APPROACH TO 
BIOMASS MONITORING 
3.4.1 Introduction 
Spectral vegetation indices (SVIs), designed specifically for agricultural biomass 
monitoring (Thompson and Wehmanen, 1979), are types of linear feature 
transformations. The purpose of the transformation is to obtain a vegetation indicator that 
is independent of soil background effects. SVIs provide a standardised approach to 
vegetation analysis. As combinations of two or more spectral bands (e. g., the red and 
near-infrared reflectances) they remain empirically based and are by far the most popular 
method for monitoring vegetation parameters (McDonald et al., 1998). They mostly 
exploit the fact that live green vegetation absorbs radiation in the red band and strongly 
scatters solar radiation in the near-infrared band. This difference is due to the fact that 
unlike any other surface type, live green vegetation exhibits a strong reflectance gradient 
around the 0.7 pm threshold. Any index or formula, which can detect this feature, such 
as one of the SVIs - NDVI, can therefore be used to assess the presence of live green 
plants in the environment. 
SVIs use the characteristic shape of the green vegetation spectrum by combining low 
reflectance in the visible part of the spectrum with high reflectance in the near infrared. 
The combination may be in the form of a ratio, a slope, or some other formulation. For a 
given sensor, an unlimited set of indices could in principle be produced. In the case of 
the AVHRR, NDVI is by far the most widely used vegetation index, although many 
other indices have been developed to interpret data obtained by this sensor. One such 
index is SAVI (Soil Adjusted Vegetation Index), which is less sensitive to the underlying 
soil properties than NDVI (Pinty and Verstraete, 1992; Leprieur et al., 1994; Flasse and 
Verstraete, 1994). 
SVIs can be broadly grouped into three separate types of formulation: 1) intrinsic 
indices; 2) soil-line related indices; and 3) atmospheric-corrected indices (Jackson and 
Huete, 1991; Rondeaux et al., 1996; and McDonald et al., 1998). 
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3.4.2 Intrinsic Indices 
Intrinsic (or ratio-based) indices including vegetation ratio index (VRI) and normalised 
difference vegetation index (NDVI) are obtained by using the simple formula advanced 
by Jordan (1969): 
VRI = PNIR / PR (3-1 
and by Rouse et al. (1973): 
NDVI = (PNIR - PR) 
/ (PNIR + PR) (3-2) 
where PNIR is the near-infrared reflectance and PR is the red reflectance. 
VRI and NDVI were developed from channels 5 and 7 of the Landsat MSS. Their use 
was rapidly extended to other satellite visible-infrared sensors (e. g. Landsat TM, NOAA- 
AVHRR, SPOT HRV) and also to airborne sensors and high spectral resolution 
radiometers. Their popularity comes from their ability to monitor global changes in 
vegetated areas (Rondeaux et al., 1996). 
Basically, both VRI and NDVI measure the slope of the line between the origin of red- 
NIR space and the red-NIR value of the image pixel. They do not involve any external 
factor other than the measured spectral reflectances. Their magnitude is indicative of the 
level of photosynthetic activity in the vegetation being monitored. They represent the 
vigour of the vegetation, both in quantitative and qualitative terms. VRI and NDVI have 
performed well in many applications. They show high correlation to vegetation cover, 
above-ground biomass (Tucker, 1979; Elvidge and Lyon, 1985; Anderson et al., 1993), 
leaf-area index (Running et al., 1986; Spanner et al., 1990), and other ecological 
variables (e. g., Cihlar et al., 1991; Wiegand et al., 1991; Myneni and Williams, 1994; 
Yoder and Waring, 1994). Although degrees of success, in different studies vary, 
coefficients of determination (R2) between these variables and the ratio-based indices 
ranging from 0.60 to 0.90 have been consistently reported. However, the sensitivity of 
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these indices to different substrates place some limitations on their performance (Huete, 
1988). They are extremely sensitive to soil optical properties and are difficult to interpret 
in low vegetation environments where the soil is unknown (Rondeaux et al., 1996). This 
is particularly true of NDVI. Furthermore, NDVI might fail to recognise non- 
photosynthetic vegetation (NPV) (Drake et al., 1999). 
3.4.3 Soil-line Related Indices 
Soil-line related indices, including soil-adjusted vegetation indices and orthogonal (or 
distance-based) vegetation indices, are based on the fact that the relationship between 
near-infrared and visible reflectances from bare soils is generally linear. Soil-adjusted 
vegetation indices have been formulated specifically to adjust the reflectance effects due 
to soils. Orthogonal vegetation indices rely on the existence of a soil-line in visible and 
near-infrared spectral space and have been developed using the coefficients of the linear 
relationship. Such indices attempt to reduce the influence of the soil by assuming that 
most soil spectra follow the same soil line (i. e. there is a principal axis of soil spectral 
variation). 
3.4.3.1 The soil-adjusted Indices 
Soil-adjusted indices are modified and complex versions of NDVI, which reduce the 
inherent sensitivity of NDVI to varying substrates. To reduce the soil background effect, 
Huete (1988) proposed using a soil-adjustment factor L to account for first-order soil 
background variations and obtained the soil adjusted vegetation index (SAVI). The 
SAVI is expressed as: 
SAVI = (PNn - PR) * (1 + L) / (PNIR + PR + L) (3-3) 
where L is a soil adjustment factor ranging from 0 (for high vegetation) to 1 (for low 
vegetation). 
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Optimisation of the L factor would require prior knowledge of vegetation amounts unless 
one developed an iterative function (Qi et al., 1994). Though it is possible to determine 
the values of L, in the absence of extrinsic knowledge, an intermediate adjustment factor 
of 0.5 has been suggested and generally applied since it reduces soil noise considerably 
throughout a wide range of vegetation amounts. 
A minor, but potentially important, variation to SAVI has been proposed by Rondeaux et 
al. (1996). Optimised soil adjusted vegetation index (OSAVI) is an approach used to 
optimise the adjustment factor for general applications. The recommended adjustment 
factor is 0.16. OSAVI (Rondeaux et al., 1996) is expressed as: 
OSAVI = (PNR - PR) * (l. 16) / (PNIR + PR + 0.16) (3-4) 
Rather than using a universal adjustment factor, the transformed soil adjusted vegetation 
index (TSAVI) uses the slope and intercept of the specific soil line in the study area 
(Baret et al., 1989). Although the adjustment to NDVI is based on the soil line factor 
rather than the amount of vegetation, a similar effect is obtained when the assumed 
location of the soil line is moved or when variations exist in vegetation relative to soil 
line location. The formula of TSAVI (Baret et al., 1989) is: 
TSAVI=ä(PNIR-aPR-b) / (PR+aPNIR-ab+0.08(1+ä2)) (3-5) 
where a and b are, respectively, the slope and the intercept of the soil line. 
Modified soil adjusted vegetation index (MSAVI) is designed to correct a weakness in 
SAVI, that is the detection of vegetation response as it moves away from the soil line. It 
has the same conceptual basis as SAVI. However, with MSAVI vegetation isolines (line 
of equal vegetation) cross the soil line at varying points. This is believed to more 
accurately reflect how vegetation spectral responses actually behave. MSAVI (Qi et al., 
1994) is defined as: 
MSAVI = (1 + L) * (PNIR - PR) / (PNIR + PR + L) (3-6) 
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with L=1- 2a * NDVI * WDVI 
where WDVI = PNIR - apR is the weighted difference vegetation index (Clevers and 
Verhoef, 1993), and a is the slope of the soil line. 
3.4.3.2 The Orthogonal Indices 
These indices measure the orthogonal distance between a point in the space defined by 
the reflectance within two or more bands, and the soil line. They have been formulated 
specifically to remove the effects due to soils and rely on the existence of a soil line in 
red and near-infrared (or blue and near-infrared) spectral space. Widely used orthogonal 
vegetation indices are based on a universally predetermined soil line, rather than the 
inherently assumed soil line characteristic of NDVI. Therefore, orthogonal indices have 
not been subject to modifications similar to the soil-adjusted versions of NDVI. 
Perpendicular vegetation index (PVI), for example, is the distance between a vegetation 
point and the soil line in two dimensions defined by red and near infrared (Richardson 
and Wiegand, 1977)(Figure 3.1). 
PVI = (PNIR -a PR - b) / (a2 + 1)0.5 (3-7) 
where a represents the slope of the soil line and b represents the intercept of the soil line. 
Another orthogonal vegetation index is the soil stability index (SSI) calculated as the 
perpendicular distance from the soil line in the Band 2/ Band 4- Band 3/ Band 4 data 
space (Pickup and Nelson, 1984)(figure 3.2). 
SSI = (PBand 3/ Band 4- a (Band 2/ Band 4- b) 
/(a2 + 1) 
0.5 (3-8) 
where (Band 3/ Band 4 is the reflectance of Band 3/ Band 4, and PBand 2/ Band 4 is the 
reflectance of Band 2/ Band 4; a represents the slope of the soil line and b represents the 
intercept of the soil line. 
-96- 
CHAPTER 3 METHODS AND TECHNIQUES 
The third orthogonal index used in this study is PD54 (Pickup et al., 1993). It is based on 
TM Band 2 (0.52-0.60 µm) and 3 (0.63-0.69 µm) and has a similar form to that of PVI. 
PD54 is calculated by identifying a soil line or, more specifically, an upper soil band 
limit and then determining the perpendicular distance of each pixel to that line. The 
perpendicular distance is scaled using distances calculated for points or pixels that have 
100% cover (figure 3.3). 
PD54 = (PB d3- a PBa,, d2- b) / (a2+ 1) 
05 (3.9) 
where PBad 2 is the reflectance of Band 2, and PBand 3 is the reflectance of Band 3; a 
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Figure 3.1 Sketch used to describe the TM Band 3- Band 4 data space and to derive the 
PVI. 
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Figure 3.3 Parameters used to describe the TM Band 2- Band 3 data space and to derive 
the PD54 Index. 
The fourth orthogonal vegetation index is the tasseled cap greenness index, or green 
vegetation index (GVI) (Kauth and Thomas, 1976). By using six bands rather than the 
two used in ratio-based indices, the Landsat TM version of GVI has the potential for 
making greater distinctions among vegetation types. 
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GVI = -0.2848 * Band 1-0.2435 * Band 2-0.5436 * Band 3+0.7243 * Band 4+ 
0.0840 * Band 5-0.1800 * Band 7 (3-10) 
3.4.4 Atmospheric-corrected Indices 
The third type of index is called the atmospheric-corrected index. Such indices are based 
on the assumption that the atmosphere can significantly affect vegetation indices 
(Kaufman and Sendra, 1988; Qi et al., 1991; 1993) by reducing the value of the NDVI 
(Friedl et al., 1995). Huete and Jackson (1988) indicated that increasing the atmospheric 
turbidity lowered the values of SR and NDVI. Myneni and Asrar (1994) warned that the 
relationship between the value of NDVI derived from atmospherically corrected and 
uncorrected measurements is sensitive to changes in soil reflectance, solar zenith angle, 
and aerosol optical depth. In order to reduce the dependence of the NDVI on the 
atmospheric properties, Kaufman and Tanre (1992) proposed a modification in the 
formulation of the index, introducing the atmospheric information contained in the blue 
channel. They defined the atmospherically resistant vegetation index (ARVI) as: 
ARVI = (PNIR - Prb) 
/ (PNIR + Prb) (3-11) 
where prb = Pr -Y (Pb - Pr) 
The subscripts r and b denote the red (i. e., TM Band 3: 0.63-0.69 gm) and the blue 
channels (i. e. TM Band 1: 0.45-0.52 µm), respectively. The computation of ARVI was 
done for -y =1, which is the optimum single value of y in remote sensing application 
(Kaufman and Tanre, 1992). The authors emphasise the fact that this concept can be 
applied to other indices. For example, the SAVI can be upgraded to the resultant SARVI 
by changing PR to Prb in the formulation of the index. In the same way TSAVI becomes 
TSARVI (Bannari et al., 1994). 
TSARVI = arb (PNIR - arbPB - 
brb) / (PB + arb PNIR - arb 
brb +0.08 (I+ä2rb)) (3-12) 
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where arb and brh are the gradient and intercept of the soil line respectively; pMR is the 
near-infrared reflectance and pB is the blue reflectance. 
In a separate approach Pinty and Verstraete (1992) proposed a new index designed 
specifically to reduce both the soil and the atmospheric effects on satellite data. It is a 
non-linear index called global environment monitoring index (GEMI). GEMI has been 
designed to reduce soil and atmospheric effects using the concept of a soil-line. 
However, unlike the indices in the second group a measurement of the gradient and the 
intercept of the soil-line is not required. This vegetation index is defined in Eq. (13). 
GEMI=11 (1 -0.2511)-(PR-0.125)/(1 - PR) (3-13) 




+ 1.5 PNIR + 0.5 PR ý/ (PNIR + PR + 0.5) 
3.5 MIXTURE MODELLING APPROACH TO ESTIMATING 
BIOMASS 
3.5.1 Introduction 
Mixture modelling divides each ground resolution element into its constituent materials 
or components using spectral end-members, which represent the spectral characteristics 
of the cover types. It attempts to model the multi-spectral reflectance as a mixture of the 
representative prototype spectra. Two types of model (i. e. non-linear and linear) for 
calculating the land-cover fraction have been proposed for spectral composition in a 
pixel. Developed non-linear mixture models assume that canopy reflectance is a non- 
linear function of canopy optical and structural parameters due to the scattering between 
components in the mixture. However, non-linear models that realistically describe the 
radiative regime of plant canopy present serious difficulties when it comes to inferring 
extensively satellite-scale parameters (Garcia-Haro et al., 1996). 
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Linear mixture modelling is a means of extracting land-cover information at a sub-pixel 
level. It determines the relative abundance of materials depicted in multi-spectral 
imagery based on the materials' spectral characteristics (Settle and Drake, 1993). The 
reflectance at each pixel of the image is assumed to be a linear combination of the 
reflectance of each material (or end-member) presented within the pixel. The basic 
assumption is that there is no significant amount of photon multiple scattering between 
the macroscopic materials. Therefore, flux received by the sensor is combined in an 
additive fashion, as do the fluxes from the end-members. Linear mixture modelling can 
separate the spectral contributions of intrinsic scene components from shadow and other 
effects of illumination. This approach is particularly useful for measuring vegetation 
cover, especially in desert regions where the proportions of vegetation and soil may vary 
significantly over small distances (Smith et al., 1990). In this chapter, linear mixture 
modelling -a semi-empirical information extraction method - is used to fulfil three 
requirements: 
1) Providing largely unbiased estimates of vegetation cover, 
2) Permitting the identification of soil related spectral information, and 
3) Allowing sufficient standardisation for multi-temporal monitoring. 
3.5.2 Methods 
The most commonly used method of linear mixture modelling is the classical or least 
squares estimator (Drake, 1992). Different forms of the classical estimators were applied 
to the Landsat TM image. 
3.5.2.1 Unconstrained Estimator and Partially Constrained Estimator 
In ENvironment for Visualising Images (ENVI 3.0) software by Better Solutions 
Consulting (BSC) of Research Systems, Inc., linear spectral unmixing has two options in 
the algorithm (Boardman, 1989 and 1992): unconstrained or partially constrained 
unmixing. In the unconstrained method, abundances may assume negative values and are 
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not constrained to add up to unity. To estimate the proportions of the selected 
endmembers this method minimises, 
(X-Mf)T (X-Mi) (3-14) 
where X is the (n x 1) observation vector for a pixel, M is a (n x c) matrix whose columns 
are end-member spectra, and f is a (c x l) vector of unknown proportions; where n is the 
number of measurement wavelengths, and c the number of components. Physically 
acceptable values for estimating fractions should range from 0 to 1; however, this 
method does not guarantee them. Thus, noise in the observations combined with 
inaccuracies of the model can bring about undesired results. 
The validity of the mixture model can be analysed by calculating an average root-mean- 
square (RMS) error 
m 
RMSE = 1: [ 
Iý, 
(xjk /n]l m (3-15) 
k=1 j=1 
where X; k refers to the modelled and X; k' to the measured reflectance of a pixel, n 
denotes the number of spectral bands and m the number of pixels comprising the image. 
The average RMS error for the image provides a measure of how much of the spectral 
variability was explained by the selected end-members, and an image of the RMS error 
for each pixel will highlight those objects, which could not be adequately modelled. 
ENVI supports an optional, variable-weight, unit-sum constraint in the linear mixing 
algorithm. This option is implemented to allow for user-defined weighting of a sum-to- 
unity constraint on the abundance fractions. The user picks a weight factor - default 
value of one - for the extra constraint equation. This weighted unit-sum constraint is then 
added to the system of simultaneous equations in the unmixing inversion process. Larger 
weights will cause the unmixing to follow the unit-sum constraint more closely. 
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3.5.2.2 Fully Constrained Estimator 
Linear inequality constrained mixture model (LICMM) (Zhang, 1999) is based on the 
linear least squares with linear inequality constraints method (Lawson and Hanson, 
1974). This method assumes that the proportion of land cover and the spectral 
reflectance of end-members should be physically non-negative in the natural 
environment. For the proportion of land cover, the following equation must be satisfied. 
0 <_fji <1 (3-16) 
In a specified research area, one might have some prior knowledge about the end- 
members or constraints on fji. For example, the proportion of a material (or the sum of 
several materials) is less or larger than a constant, or is less or larger than another 
material (or sum of others). This constrained condition is useful in estimating reasonable 
results from mixture modelling. The generated expressions of these constraints are: 
Vlf_>HjorV2f<_H2 (3-17) 
where HI, H2 , VI , and V2 are the prior 
knowledge. The less than (<) constraints can be 
removed by multiplication by -1 on both sides to change them into greater than (>) 
constraints. Therefore, The linear inequality constrained mixture modelling (LICMM) 
problem becomes: 
IX- Mf I= min subject to Vf >_ H (3-18) 
This equation means that the f, which can make IX- Mf 
I become minimum, is the ideal 
solution when the Vf >_ H is satisfied. 
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3.5.2.3 Selection of End-members 
In order to select end-members for mixture modelling, principal components analysis 
(PCA) and the n-dimensional visualiser in ENVI were used. PCA uses a linear 
transformation of multi-band data to translate and rotate data into a new co-ordinate 
system that maximises the variance of the data. This technique is useful for enhancing 
the information content, segregating noise components, and for reducing the 
dimensionality of data sets. The n-dimensional visualiser provides an interactive tool for 
selecting the end-members in n-space. It is based on the assumption that spectra can be 
thought of as points in an n-dimensional scatter-plot, where "n" is the number of bands. 
The co-ordinates of the points in n-space consist of "n" values that are simply the 
spectral radiance or reflectance values in each band for a given pixel. The distribution of 
these points in n-space can be used to estimate the number of spectral endmembers and 
their pure spectral signatures. The n-dimensional visualiser allows for interactive rotation 
of data in n-D space, selection of groups of pixels into classes, and collapsing of classes 
to make additional class selections easier. The selected classes can be exported to ROIs 
and used as input into classification, unmixing or matched filtering techniques. The n-D 
Visualiser is usually used in conjunction with the Minimum Noise Fraction Transform 
(MNF) and Pixel Purity Index (PPI) tools to locate, identify, and cluster the purest pixels 
and most extreme spectral responses in a data set (Boardman, 1993; Boardman and 
Kruse, 1994). 
3.6 FIELD METHODS AND TECHNIQUES 
In this research, field methods and techniques refer to the systematic acquisition of new 
or raw data within a specific research area. This area includes an organised recording of 
observations made in the field within a defined research area and the utilisation of 
systems of data classification subject to subsequent processing, presentation, and 
analysis. The term `methods' is used to describe the overall research framework or 
design, and `techniques' refers to the actual manner in which field data are collected. 
Although these definitions are restraining, they will serve to establish the limitations of 
the subject matter to be discussed. 
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In order to validate the estimates of the 13 spectral vegetation indices and the mixture 
modelling, past observation of surface materials in the field and data collection from 
different surfaces using the vertical photography approach was conducted about the time 
of image collection. Twenty-five sample plots where the aerial exposure of ground 
covers had been measured were located on the warped sub-image of the field work area 
in the false colour image. Locations of sites were facilitated by inspection of the 
topographic maps and a Magellan global positioning system (GPS). These sites included 
a range of vegetation cover proportions in the sample and maximised spatial 
homogeneity of vegetation and soil. The proportions estimates had been extracted using 
the methods stated as follows. 
3.6.1 Line Intercept method 
Due to the resolution of TM image, ground covers of sample plots were sampled with 
30m line-intercept transects originating at a random point in the central portion of each 
study site. The exact location of the line was randomised using a random number 
generator to define a direction and the number of paces taken in that direction. A stake 
was then placed on the ground and pinpointed by taking 100 readings from the GPS. 
According to Magellan System Corporation (1989), the GPS has a root mean square 
(RMS) error of 30m. However, this error is not constant, but is dependent on the 
accuracy set by the owner of the NAVSTAR system and on the exact configuration of 
the satellites in the sky. A random angle (bearing on a compass) was then selected for 
30m tape transects. Three random transects were taken from this stake. 
3.6.2 Vertical Photograph method 
350 photographs (transparencies) in total were taken from a height of 2-2.5m using a 
35mm lens every five metres along each of the three transects within each study site. 
Each transparency was sampled by overlaying the 1: 1 projection on a light box with a 
100-point dot grid. Each dot was scored in one of nine categories: green leaves, 
senescent leaves, senescent grass, grey bark, brown bark, red soil, white soil, shade or 
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others (gravel and litter including grey wood, grey grass and animal dung). The number 
of `hits' or frequency in each category was used as an estimate of cover for that category. 
3.6.3 Determination of plot locations in the TM Imagery 
The pixel size of commonly used TM images is about 30 x 30m (900m2) if rectangular in 
shape or 21.2m in diameter (1414m2) if circular in shape. Under ideal conditions, the 
areas covered by transects of 30m in radius should be within the four neighbouring 
pixels centred on the GPS points (Figure 3.4). Unfortunately, such a possibility is nearly 
equal to zero. Due to the relatively large RMS error, the GPS data from fieldwork can 
only be applied to determine the approximate location of the sample sites. They cannot 
precisely match the location of the pixels in the TM images. 
TM pixel 
(30 x 3C 
GPS point 
Direction of flight 
The area of the 
ground target 
Figure 3.4 Orientation of a target covering four neighbouring pixels under ideal 
circumstances. 
Therefore, we used the GPS point as the central point and "30 + standard deviation" as the 
radius to determine the pixels related to the possible areas evidenced in the ground targets. 
Using ENVI we drew regions of interest (ROIs), which were graphically selected image 
subsets, to include pixels for each ground target. For example, the 25 regions of interest were 
regularly shaped in different colours in the location map based on the warped band 3 image 
(Figure 3.5). 
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Figure 3.5 The location map of the 25 sample sites where the areal exposures of ground 
covers were measured. The ROIs were drawn on the scene of the warped band 3 image. 
3.6.4 Field Data 
Table 3.1 shows the results of ground cover measurements grouped into six main 
categories. The estimates derived from the vegetation-indices approach and mixture 
modelling were then determined by comparing them statistically to the field 
measurements of dry vegetation, green vegetation, and total vegetation proportions. 
3.7 STATISTICAL METHODS 
3.7.1 Method of Correlation analysis 
A great deal of geographical analysis involves studying the relationships between two or 
more variables, either through time or in different places. This sub-section focuses on 
those statistical techniques that enable the measurement and determination of the 
strength of a relationship between two variables. To measure this we employ the concept 
and methods of correlation analysis that, as table 3.2 demonstrates, can take a number of 
forms. The decision as to which technique to employ will depend on the type of data and 
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the scale of measurement. The strength and efficiency of each of these different types of 
correlation analysis varies, and it is generally recognised that the product-moment or 
Pearson's correlation coefficient (r), which uses interval or ratio scale data, is powerful 
when applied to data that have a normal distribution. 
Table 3.1 Results of ground measurement g rouped into five main cate gories. 
Site GPS Standard Transect GV NPV Red soil White Shade Others Dominant 
No. location Deviation Bearings soil Vegetation 
on GPS 
1 332041.7 56.9 m 159,140,21 1% 10% 53% 13% 23% 0% G 
3600572.1 
2 330958.7 78.5 m 133,129,291 5% 12% 26% 20% 30% 7% C 
3598092.1 
3 333181.7 86.3 m 83,62,30 1% 18% 54% 12% 10% 5% G 
3600315.6 
4 338482.7 34.7 m 294,72,24 4% 18% 49% 17% 12% 0% T 
3601854.6 
5 338454.2 74.6 m 147,24,211 3% 19% 40% 16% 22% 0% T 
3601883.1 
6 338853.2 59.2 m 19,233,182 3% 21% 50% 15% 10% 1% T 
3602082.6 
7 335946.2 26.8 m 78,158,239 0% 15% 51% 11% 23% 0% G 
3599945.1 
8 330930.2 71.6 m 231,104,186 4% 15% 30% 21% 23% 7% C 
3597978.6 
9 336402.2 58.2 m 160,326,36 8% 21% 39% 27% 5% 0% M 
3597978.6 
10 336373.7 18.4 m 310,92,273 10% 21% 38% 25% 6% 0% M 
3598035.6 
11 336345.2 25.1 m 15,144,331 3% 16% 49% 13% 19% 0% T 
3598092.6 
12 336174.2 58.3 m 30,188,271 11% 18% 40% 19% 12% 0% M 
3600743.1 
13 336373.7 54.1 m 226,193,23 3% 17% 43% 13% 23% 1% T 
3598235.1 
14 331186.7 49.2 m 171,92,326 4% 15% 28% 25% 28% 0% C 
3597978.6 
15 331414.7 48.4 m 286,89,254 4% 14% 31% 24% 20% 7% C 
3598036.6 
16 336487.7 53.8 m 233,45,29 1% 15% 48% 13% 17% 6% G 
3596981.1 
17 331300.7 71.6 m 130,105,98 5% 13% 33% 20% 23% 6% C 
3597380.1 
18 336174.2 28.5 m 212,37,92 11% 20% 39% 18% 12% 0% M 
3600828.6 
19 332440.7 54.7 m 289,32,326 6% 17% 33% 16% 28% 0% C 
3597579.6 
20 338625.2 26.9 m 109,323,43 1% 14% 53% 13% 17% 2% G 
3600543.6 
21 331956.2 85.7 m 66,332,72 5% 12% 33% 17% 30% 3% C 
3596781.6 
22 331984.7 14.8 m 150,230,254 7% 11% 29% 15% 30% 8% C 
3596468.1 
23 331956.2 58.4 m 52,182,278 7% 13% 32% 10% 20% 18% C 
3596354.1 
24 334065.2 57.9 m 17,104,213 10% 22% 37% 19% 12% 0% M 
3600543.6 
25 334036.7 55.7 m 286,130,81 10% 22% 35% 21% 12% 017c m 
3600629.6 
*GV: Green Vegetation, NPV: Non-photosynthetic Vegetation, G: Grass, C: Creosote bush, M: Mesquite, T: Tarbush. 
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Table 3.2 Types of correlation coefficients and their relation to data characteristics. 
Type Measurement scale Data characteristics 
Pearson's (r) Interval / ratio Use with both scale 
Spearman's rank (re) Ordinal Both variables must be expressed as 
ranked data for these two tests 
Kendall's tau (i) Ordinal Both variables must be expressed as 
ranked data for these two tests 
Biserial (rb) Nominal One dichotomous variable and one 
variable that has more than two values 
Phi coefficient (gyp or r, ) Nominal Both variables must be dichotomous 
Regardless of the form of correlation analysis selected, the outcome is expressed as a 
numerical coefficient that describes the direction and character of the relationship between 
two variables. Importantly, the values of correlation coefficients derived by any of the 
methods can vary only between -1 and +1. These extremes represent respectively the perfect 
negative or positive relationship between the two variables. In the former case the value of 
one variable increases as the other decreases, in the latter the two increase in concert. A 
value of 0 indicates the complete absence of any statistical relationship. Correlation can often 
be qualitatively assessed using scatter diagrams on which the two sets of data are plotted in 
graph form. 
The Pearson correlation coefficient is used in this research. As with all parametric tests, the 
Pearson's correlation coefficient makes assumptions concerning the data to which it can be 
applied. First, data need to be measured on the interval or the ratio scales; secondly, the two 
variables (X and )o should be derived from normal distributions. Small samples bring their 
own problems and need to be treated more cautiously, especially with regard to the 
assumption of data normality. The sample coefficient of correlation may be obtained from 





(xi - X)2 
(y; - y)2 
i=1 i=1 
(3-19) 
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As noted, correlation coefficients may vary only within the range of -1 to +1. This 
suggests that some forms of association exist between the two variables. Useful though 
such a measure may be, it does not mark the conclusion of the exercise. Instead, the 
coefficient of determination r2 or R2 - whose quantity can be thought of as the proportion 
of the variance of one vari able explained in terms of its variation from the other - is used. 
3.7.2 Spatial Regression method 
A major challenge in remote sensing studies is mapping land cover quantities over large 
regions. Spatial regression is typically the empirical method applied to remotely sensed 
imagery and ground data for the spatial estimation of land cover variables. Empirical 
approaches include the development of statistical (or regression) models built from 
image and ground data collected at the same location. The regression equation is used to 
convert a value derived from radiance at each pixel to the physical units of the variable 
of interest, such as bio-mass, leaf area index or canopy cover. 
The theoretical approach requires a good physical understanding of all the important 
phenomena contributing to the remotely sensed signal and an invertible mathematical 
model describing those phenomena. The difficulties of using this approach in its present 
state of development are numerous and to this day a practical spatial prediction method 
must be based on an empirical approach, requiring direct measurements of the land cover 
quantity of interest (Verstraete et al., 1996). This empirical approach may have 
foundations in theory but it utilises a statistical model rather than a deterministic model 
of the remote sensing process to obtain values for land cover quantity. 
Whether spatial or not, the estimation from any statistical model should be accurate (or 
unbiased) and precise. Linear regression has been the method of choice for estimating 
land cover quantities. The characteristics of linear regression models have been 
enumerated in many reviews. Poole and O'Farrell (1971), for instance, list the 
requirements of these models as a linear trend between estimator and estimated variables, 
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normality and homoscedasticity in the errors, unbiasedness, absence of auto-correlation 
in the estimator variables and absence of measurement error. 
The general form of a linear regression model used in remote sensing is: 
P(xi) = ßo +ß ýa i(x) +ß 2a2 (x1) + .... + ß nan (Xi) +6 (3-20) 
where p is the land cover quantity variable at a location x;, ßo through ßn are coefficients 
of the model, al through a are n remotely-sensed variables, and E is the error, the 
difference between estimated and true values. 
Note that neither the ß coefficients nor £ are functions of x. To use this model, p must be 
known at some locations and the an must have been measured at the corresponding 
locations. The model can be written as a system in matrix form: 
p=aßXl+E (3-21) 
where p is a vector [ p(xl), p(x2), p(x3)... p(xN) I of N land cover sample observations; a 
is a vector or matrix of remote sensing observations; ß is a vector of coefficients and F. is 
the vector of errors. 
To put this model into practice, a sufficient sample of ground data must be collected to 
represent a region (Curran and Hay, 1986). Then, the most common way in which this 
system may be solved is through ordinary least squares (OSL) which minimise the sum 
of the squared c values for the samples. The minimisation is accomplished using normal 
equations. 
a'ai=a'p (3-22) 
If the OLS system is used, estimation accounts only for error in the explanatory (remote 
sensing) measurements but not that of the ground measurements. Curran and Hay (1986) 
criticised this aspect of the approach and suggested that other solutions to the system, 
- 111 - 
CHAPTER 3 METHODS AND TECHNIQUES 
such as the reduced major axis method, which takes into account measurement error in 
the `a' values, would be more appropriate. 
This regression model makes no stipulation about the support of measurements used in 
its development. There is no associated model for scaling up the ground measurements to 
adjust for the support of the remotely sensed measurements. Except for the requirement 
that each a (x; ) and p(xi) pair refers to the same location, the regression is a-spatial. Since 
spatial location does not enter into the parameters of the regression model, sample 
location and geometry cannot feature directly in regression estimations. This limitation 
means that estimations do not change in areas of sparse or no sample locations relative to 
areas of plentiful samples. If the spatial pattern of the estimation map is similar to that of 
the remotely sensed data, this is a fortuitous side effect of the fact that the estimation is a 
linear transform of the remotely sensed data. 
In classical statistical practice, confidence intervals are usually used to describe the range 
of errors associated with a given estimation. However, routine error description for 
continuous variables has not yet been established in the practice of mapping and is an 
important area of current research (Lunetta et al., 1991). Though regression theory 
includes a fully specified suite of error models, these have not been used to describe error 
in land cover estimation spatially, with few exceptions. In these models the error depends 
on the magnitude of the estimation in relation to the mean only, and is not dependent on 
spatial location. In the case where n=1, the model most often used to describe the 
variance of a local estimation is given by: 
Var LP (Xi)1 = 62 
6p Lal (x`) -a (xs )12 or 2 (3-23) 
where 6p is estimated using the sample variance of the ground measurements. Error 
analysis of the results of land cover quantity estimation from remote sensing has more 
commonly been confined to a check on estimations at a separate set of sample locations 
withheld from the model development stage (a `validation' set). The summary of the 
relation between estimated and observed values at these test locations is often expressed 
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as a correlation coefficient instead of an error statistic. The procedure is similar to the 
cross-validation common in geo-statistical studies, although the latter more effectively 
includes spatial considerations by repeating the validation procedure at different 
locations. None of these procedures truly validate the model, but only lend support to its 
usefulness for the region being studied. 
3.7.3 Cross-validation Method 
Cross-validation refers to testing model predictions on data that are independent of those 
used to fit the model. Most often, a model is fitted repeatedly to a dataset with a different 
observation held back each time. The withheld observations are used as a check on 
model performance, with error measures calculated across the entire dataset. Cross- 
validation is a focussed diagnostic technique, useful in assessing model performance. 
The procedure is the following: 
1) Given n observations, hold back the first and fit the model to the remaining 
observations. Use the model to predict yl from x1. Calculate the prediction error, El. 
Repeat for all observations, withholding each in turn. This gives the prediction error ei, i 
= 1,2,3,..., n. 
2) Compute a summary error measure form the ei. Some examples follow: 
Model bias: 
1 Y, E; (3-24) 
n 
Model absolute error: 
1 Y, Ieý I (3-25) 
n 
Root mean square error: C; 2 (3-26) 
n 
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Cross-validation is flexible. It can be used with other forms of OLS regression (e. g. 
multiple regression, polynomial regression) or with altogether different regression 
methods (e. g. least absolute deviation). In fact, any model fit to data is fair game for 
cross-validation. Similarly, the choice of error measure used is nearly unlimited. 
Moreover, there is no requirement that one must cross-validate the measure used using 
the fitting procedure. For example, having fit a model using least absolute deviations, 
one can cross-validate for relative (percentage) error. Of course, one would need to make 
clear which measures are purely diagnostic, and which are used for fitting. 
3.8 CONCLUSIONS 
1) The preceding sections provide a detailed summary of the background technical 
methodology to be used in the study of land degradation within the thesis. 
2) An extensive review of image processing techniques both in terms of pre-processing 
methods and classification methods has been outlined and specific parameters have 
been established which highlight the relative accuracy of these methods. 
3) More particularly, a preliminary assessment of spectral vegetation indices and 
mixture modelling in the light of previous contributions to land cover studies sets the 
stage for their use in the study of land degradation within the Jornada area. The 
necessary formulaic information used to calculate and validate the results of our 
research has also been advanced as have the particulars of the methods used on the 
ground and the essential information related to the acquisition of data for our study. 
4) Finally, an outline of the statistical tools used within this study to evaluate the results 
of our research provides the setting for the study proper. 
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4. MAPPING LAND COVER AT JORNADA 
USING LANDSAT TM IMAGERY 
4.1 INTRODUCTION 
4.2 DATA ACQUISITION AND PRELIMINARY DATA PROCESSING 
4.3 CORRELATION BETWEEN INDIVIDUAL TM BANDS AND FIELD DATA 
4.4 SPECTRAL VEGETATION INDICES APPROACHES 
4.5 MIXTURE MODELLING 
4.6 COMPARISON BETWEEN MIXTURE MODELLING AND SPECTRAL VEGETATION INDICES 
APPROACHES 
4.7 DISCUSSIONS AND CONCLUSIONS 
4.1 INTRODUCTION 
This chapter provides a discussion of the various methods for estimating the abundance 
of vegetation cover and compares the effectiveness of spectral vegetation indices and 
mixture modelling. Section 4.2 describes data acquisition and preliminary data 
processing methods. Section 4.3 exhibits and discusses correlations between individual 
TM bands and field data. Sections 4.4 and 4.5 analyses the implementation of the two 
approaches (i. e. mixture modelling and spectral vegetation indices) and validates their 
results using measurements obtained from fieldwork. In section 4.6 a comparison 
between the results of the two approaches helps us determine the overall performance of 
both approaches. A final discussion and conclusion is provided in section 4.7. 
4.2 DATA ACQUISITION AND PRELIMINARY DATA PROCESSING 
4.2.1 Landsat TM Image Data 
The spectral vegetation indices approach and the mixture modelling approach are used in 
conjunction with multi-spectral satellite image (Landrat TM) to estimate vegetation 
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abundance in the Jornada area. More particularly, we explore the construction, 
calibration, and significance of vegetation, soil, and related fraction images of the 
Jornada basin. Both image processing and data analysis are based on the Landsat TM 
scene for 23rd June 1996. Sun elevation at the time of image acquisition date was 59°. 
The six visible and near-infrared TM bands are used to determine spectral endmembers 
and to unmix fraction images. The thermal band (band six of TM) was deleted from the 
data set prior to processing due to the problems arising from low signal-to-noise ratio 
and degraded spatial resolution. 
To determine spectral endmembers we need to pre-process the image. Before embarking 
on the preliminary data analysis, the presentation of data has to be considered becasue 
the large TM image data array does not provide a clean indication of the underlying 
characteristics of the reflectance values obtained. In general, efficiency of data 
presentation is generally enhanced by incorporating data from one of the mid-IR bands 
(5 or 7) in application such as vegetation discrimination. Combinations of any one 
visible (bands 1 to 3), the near-IR (band 4), and one mid-IR band are also very useful. 
For instance, colour infrared composite images such as the one in Figure 4.1 can be 
obtained by combining the TM Bands 4 (red), 3 (green), and 2 (blue) of the 
electromagnetic spectrum. 
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Figure 4.1 The colour infrared composite of Landsat TM bands 4 (red), band 3 (green), 
and band 2 (blue). 
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This band combination makes vegetation in the basin and mountainous area appear as 
shades of red while vegetation growing more vigorously in the flood plain is displayed as 
bright red. Soils with no or sparse vegetation range from white (sands) to greens or 
browns depending on moisture and organic matter content. Shadows caused by 
topographic effects, some dark geological objects around the area of Point of Rocks, and 
water (moisture) along the river are shown as blacks. 
Image maps produced with TM data have proven to be useful tools in the assessment of 
specific study areas. Image maps depict the terrain in actual detail, rather than in the line- 
and-symbol format of conventional maps. They are also used as map supplements to 
augment conventional map coverage and to provide coverage of unmapped areas. In 
order to maximise the field data available for image evaluation and interpretation, and to 
reduce computational time, a sub-scene (1770 x 1870 pixels) was taken from the whole 
TM scene. The sub-scene image maps prepared over a range of mapping scales were 
then used to facilitate the location and selection of twenty-five sample plots where areal 
exposure of ground covers had also been measured in the field. 
4.2.2 Preliminary Data Processing 
As mentioned in chapter 3, image processing for this research was mostly carried out on 
a PC using the ENVI 3.0. IDRISI for Windows Version 2.0, a geographic information 
and image processing software system, was also used for geographic analysis and map 
data presentation. 
Preliminary data processing consists in referencing the image to a geographic co-ordinate 
system. This research uses the method of mapping polynomials for image correction. 
Each image band needs to be corrected. 
Twenty-one Ground Control Points (GCPs) from topographic maps published by U. S. 
Geological Survey in 1981 were selected using the full resolution and Zoom windows for 
image-to-map registration in order to conduct a Ist degree polynomial warp. Once GCPs 
have been marked and drawn, the X, Y RMS error terms in pixels and the combined RMS 
error were listed in order. Both of them can be minimised for the best registration because 
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subpixel coordinates were supplied to provide higher accuracy in adjusting GCPs. After the 
total RMS error in pixels had been minimised to less than 0.0032, polynomial warping the 
nearest neighbour re-sampling method was used to create the warped image fitting the UTM 
projection. This image was registered to a map co-ordinate system and had its pixels 
addressable in terms of map co-ordinates rather than pixel and line numbers (Figure 4.2) 
4.3 CORRELATIONS BETWEEN INDIVIDUAL TM BANDS AND FIELD DATA 
4.3.1 Correlations between Individual TM Bands and Vegetation Cover 
Simple linear regressions of individual bands against the estimates of ground cover from 
the field were performed to determine the basic relationships. Table 4.1 sets forth the 
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Figure 4.2 The warped map in colour infrared composite of band 4, band3, and band2 of 
TM for red, green, and blue respectively. 
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Table 4.1 Results of linear regression of field estimates of green, dry, and total vegetation 
cover against individual spectral bands. 
Green vegetation Dry vegetation Total vegetation 
TM Band Slope P-Value R2 Slope P-Value R2 Slope P-Value R2 
Bandl 1.53 0.004 0.30 1.56 0.002 0.35 1.02 0.0006 0.41 
Band2 1.56 0.0002 0.47 1.53 <0.0001 0.50 1.04 <0.0001 0.63 
Band3 -3.32 <0.0001 0.59 -3.16 <0.0001 0.60 -2.20 <0.0001 0.79 
Band4 3.44 <0.0001 0.71 -2.55 0.0003 0.43 -1.39 <0.0001 0.73 
Band5 1.78 0.01 0.11 4.24 <0.0001 0.71 2.05 0.0002 0.46 
Band7 1.43 0.05 0.16 3.05 <0.0001 0.81 1.54 <0.0001 0.57 
Most bands in the simple regression were able to explain about one-third of the variation 
in green vegetation cover. However, band 5 only explained 11% of the variability 
(Figure 4.3) while band 7 explained 16% of the variability. Both band 3 and band 4 were 
highly significant (P-value < 0.0001) in the regression. Band 4 performed relatively 
better than the others did. Its high value of R2 showed that about 71% of the variation 
was accounted for by the regression (Figure 4.4). TM Band 4 data is ideal for detecting 
near-infrared reflectance peaks in healthy green vegetation. Its radiance is sensitive to 
green or photosynthetically active vegetation and, to a lesser extent, the dead or non- 
photosynthetically active vegetation (or NPV) (Colwell, 1974; Tucker, 1977 and 1978). 
200 
m 
150 ff_ 4-tfx- 
ö 
100- Y=1.78X + 146.33 
E 
50 










Figure 4.3 Correlation between field measurement of green vegetation amount (%) and 
digital number of TM Band 5. 
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Figure 4.4 Correlation between field measurement of green vegetation amount (%) and 
digital number of TM Band 4. 
On the other hand, each band individually examined in the simple regression was able to 
explain at least 50% of the variation in dry vegetation cover, except band 1, which explained 
35% of the variability (Figure 4.5), and band 4, which explained 43% of the variability. All 
the bands were highly significant (P-value < 0.002) in the regression. Among them band 5 
and band 7 explained substantially more variation than the other bands (R2 > 0.7) in the 
regression. Band 7 performed relatively better than the others did (Figure 4.6). Its high value 
of R2 showed that about 81% of the variation was accounted for by the regression because 
dry vegetation cover showed an absorption feature in the 2000-2400 nm region due to lignin 
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Figure 4.5 Correlation between field measurement of dry vegetation amount (%) and 
digital number of TM Band 1. 
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Figure 4.6 Correlation between field measurement of dry vegetation amount (%) and 
digital number of TM Band 7. 
When considering total vegetation cover, each band individually examined in the simple 
regression was able to explain at least two-fifths of the variation in total vegetation 
cover. All the bands were highly significant (P-value < 0.0006) in the regression. Among 
them band 3 and band 4 explained substantially more variation than the other bands (R2 
> 0.7) in the regression. Band 3 performed relatively better than the others did. Its high 
value of R2 showed that about 79% of the variation was accounted for by the regression 
(Figure 4.7). The fact that spectral radiance in the red waveband is an effective estimator 
of total vegetation cover is also supported by the research in a saltbush region of 
southern Australia (Graetz and Gentle, 1982; Pech et al., 1986; and Graetz et al., 1988) 
and in a drought-impacted semi-arid savanna woodland environment in Botswana 
(Prince and Tucker, 1986; Ringrose et al., 1989). Yang and Prince (1997) have 
investigated the reasons for the apparently robust relationship between red reflectance 
and total vegetation cover. They found that increasing amounts of green and woody 
biomass in a canopy both cause a decrease in red reflectance though at slightly different 
rates. They also found that shadow effects do not greatly affect the relationship at solar 
zenith angles of less than 30°. 
Band 4 also performed relatively better than the others did (Figure 4.8). Although its 
high value of R2 showed that about 73% of the variation was accounted for by the 
regression its negative value of slope indicated the negative relationship between 
reflectance and vegetation cover. Otterman (1981) explained that the apparently 
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paradoxical decrease in near-infrared reflectance (TM band 4 in this case) with 
increasing vegetation resulted from: 
1) Scarcity of live green leaves, 
2) High reflectance of bare mineral soil, 
3) Coverage of the soil surface between plants by dead plant litter that has lower 
reflectance than bare mineral soil, 
4) Greater coverage by plant litter in the more heavily vegetated areas, and 
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Figure 4.7 Correlation between field measurement of total vegetation amount (%) and 
digital number of TM Band 3. 
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Figure 4.8 Correlation between field measurement of total vegetation amount (%) and 
digital number of TM Band 4. 
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4.3.2 Correlations between Individual TM Bands and Shade 
Much of the variance in TM images is caused by topographic shading and shadows (Smith et al., 
1990). Shadows cast by topographic shading and standing plants may significantly decrease 
reflectance if solar zenith angles are sufficiently great and plants are sufficiently numerous. To 
determine the relative sensitivity to shadow influence we regressed each band against the 
percentage of shadow cover in each field measurement plot. Shade was significant for all of the 
bands (all p-value < 0.002) in the regression (Table 4.2). Among the six bands, band 1 only 
explained 34% of the variability (Figure 4.9). Band 5 and band 7 explained substantially more 
variation than the other bands (R2 > 0.8). Band 5 performed relatively better than the others did. 
Its high value of R2 showed that about 82% of the variation was accounted for by the regression 
(Figure 4.10). 
Table 4.2 Results of linear regression of field estimates of shade cover against individual 
spectral bands. 
Band No. Slope R2 F Statistic Significance F (P) 
Band 1 -0.7 0.34 12 0.002 
Band 2 -0.7 0.46 20 0.0002 
Band 3 -1.4 0.51 24 6.6 x 10-5 
Band 4 -1.1 0.35 12 0.002 
Band 5 -2.1 0.82 103 5.6 x 10-10 
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Figure 4.9 Correlation between field measurement of shade amount (%) and digital 
number of TM Band 1. 
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Figure 4.10 Correlation between field measurement of shade amount (%) and digital 
number of TM Band 5. 
4.3.3 Correlations between Individual TM Bands and Soil Cover 
Table 4.3 sets forth the regression parameters and statistics for red, white, and total soil 
cover against individual bands. In the case of red soil, each band individually examined 
in the simple regression was able to explain at least two-fifth of the variation in soil 
cover, except band 1, which explained 35% of the variability (Figure 4.11). All the bands 
were significant (P-value < 0.01) in the regression. Among them band 5 and band 7 
explained substantially more variation than the other bands (R2 > 0.7) in the regression 
as the mid-IR portion of the spectrum is known to be sensitive to soil mineral content. 
Band 7 performed relatively better than the others did. Its high value of R2 showed that 
about 81 % of the variation was accounted for by the regression (Figure 4.12). 
Table 4.3 Results of linear regression of field estimates of red, white, and total soil cover 
against individual spectral bands. 
Red soil White soil Total soil 
TM Band Slope P-Value R2 Slope P-Value R2 Slope P-Value R2 
Bandl 1.56 0.002 0.35 1.67 <0.0001 0.70 1.02 0.0006 0.40 
Band2 1.46 0.0002 0.45 1.23 <0.0001 0.57 0.83 0.001 0.36 
Band3 3.16 <0.0001 0.60 2.03 0.0004 0.43 1.51 0.001 0.37 
Band4 2.55 0.0004 0.43 1.91 0.0005 0.42 1.14 0.01 0.24 
Bands 4.24 <0.0001 0.71 0.80 0.32 0.04 2.52 <0.0001 0.70 
Band7 3.05 <0.0001 0.81 0.53 0.33 0.04 1.54 <0.0001 0.57 
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Figure 4.11 Correlation between field measurement of red soil amount (%) and digital 
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Figure 4.12 Correlation between field measurement of red soil amount (%) and digital 
number of TM Band 7. 
In the case of white soil, each band individually examined in the simple regression was 
able to explain at least two-fifth of the variation in soil cover, except mid-IR bands 
(especially band 7), which only explained 4% of the variability (Figure 4.13). Band 1 
(Figure 4.14) explained substantially more variation than the other bands (R2 = 0.7) in the 
regression as the bare or sparsely vegetated white soil surfaces have strong reflectance in 
the blue band. 
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Figure 4.13 Correlation between field measurement of white soil amount (%) and digital 
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Figure 4.14 Correlation between field measurement of white soil amount (%) and digital 
number of TM Band 1. 
In the case of total soil (i. e. red soil + white soil), each band individually examined in the 
simple regression was able to explain at least one-third of the variation in soil cover, 
except band 4, which explained 24% of the variability (Figure 4.15). All the bands were 
significant (P-value < 0.01) in the regression. Among them band 5 and band 7 explained 
substantially more variation than the other bands (R2 > 0.5) in the regression as the mid- 
IR portion of the spectrum is known to be sensitive to soil mineral content. 
Band 5 (Figure 4.16) performed relatively better than the others did. Its high value of R2 
showed that about 70% of the variation was accounted for by the regression. 
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Figure 4.15 Correlation between field measurement of total soil amount (%) and digital 
number of TM Band 4. 
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Figure 4.16 Correlation between field measurement of total soil amount (%) and digital 
number of TM Band 5. 
Cover-radiance relationships were derived empirically. They can be used to provide 
absolute values of land cover percentage but require calibration. This type of calibration 
can usually be carried out in a few localities during operational remote sensing. 
Moreover, it may bias results for the whole scene towards conditions prevailing in the 
soil and vegetation types sampled (Pickup et al., 1993). The vegetation index approach 
does not involve calibration and provides information on relative amounts of land cover 
rather than absolute values. Thus, in the next section, approaches using vegetation 
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indices were used and tests of the indices for soils and vegetation cover were 
implemented. 
4.4 SPECTRAL VEGETATION INDICES APPROACHES 
4.4.1 Correlations between individual SVIs and Ground Truth Green Vegetation Cover 
Green vegetation cover exhibits varying correlation with spectral vegetation indices (Table 
4.4). The indices most strongly correlated with green vegetation cover are TSAVI 
(R2=0.72) and PVI (R2=0.70). On the other hand, GEMI performed substantially worse. 
The results indicated that TSAVI was least liable to perturbations associated with soil 
changes. The fact that TSAVI did much better than other ratio-based indices and other soil- 
adjusted indices (e. g. NDVI and SAVI) is supported by some studies (e. g. Rondeaux et al., 
1996). 
Table 4.4 Correlation between sp ectral indices and green vegetation cover. 
Regression line Coefficient of determination (R2) F Statistic Significance F (P) 
VRI Y=0.97+0.002X 0.24 7.24 0.013 
NDVI Y=-0.02+0.001X 0.29 9.34 0.006 
SAVI Y=-0.02+0.001X 0.05 1.13 0.3 
OSAVI Y=-0.014+0.001X 0.08 1.92 0.18 
TSAVI Y=-0.04+0.005X 0.72 61.8 7.5 x 10-8 
MSAVI Y=-0.02+0.002X 0.05 1.17 0.29 
PVI Y=-4.6+0.59X 0.70 61.1 1.82 x 10-7 
PD54 Y=21.9+1.06X 0.56 29.3 1.7 x 10-5 
SSI Y=-0.06+0.004X 0.30 9.64 0.005 
GVI Y=-32-0.25X 0.05 1.29 0.27 
ARVI Y=0.096-0.007X 0.32 10.9 0.003 
TSARVI Y=-0.15+0.012X 0.30 9.51 0.005 
GEMI Y=-5.43-0.16X 0.01 0.12 0.73 
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McDonald et al. (1998) drew some conclusions from a brief review of vegetation indices 
and indicated that TSAVI is particularly insensitive to soil effects. Furthermore, Bannari et 
al. (1996) found that TSAVI was more resistant to changes in the optical properties of soils 
and permitted good discrimination between the vegetation found on a bare soil background 
in a heterogeneous and relatively complex environment. Although TSAVI considerably 
reduced soil effects, estimation of the green vegetation cover still suffered from some 
imprecision, especially at relatively low cover. Cover estimates derived from TSAVI are 
subject to errors. Its RMSE is 6.2 and RMSE for GEMI is 24.2. 
GEMI was designed to consider atmospheric effects, but is considerably affected by 
changes in soil brightness. The results of other studies have also indicated that GEMI was 
considerably affected by soil brightness and consequently was not particularly useful in 
analysing sparse cover (Leprieur et at., 1994 and 1996; Mcdonald et al., 1998). Although it 
was designed to eliminate the need for a detailed atmospheric correction by constructing an 
atmospheric correction for the vegetation index (Pinty and Verstraete, 1992), Qi et al. 
(1991) showed a significant breakdown of GEMI with respect to soil noise at low 
vegetation cover. 
After TSAVI, SAVI and its other variants (i. e. MSAVI and OSAVI) performed better than 
did GEMI. SAVI, which takes on both the aspects of NDVI and PVI, was designed to 
minimise the effect of the soil background (Huete, 1988). In semi-arid biomes, SAVI has 
proven much less sensitive to canopy background variations than NDVI (Huete et al., 
1997). In this case, the SAVI, which used coefficients adjusted from a global soil line, 
produced the result with quite large variations. As to MSAVI, the result of MSAVI is quite 
similar to that of SAVI. MSAVI is a modified SAVI that replaces the constant L in the 
SAVI equation with a variable L function. The L function may be derived by induction or 
by using the product of the NDVI and weighted difference vegetation indix (Qi et al., 
1994). Apparently, the MSAVI using the variable L function still produced a result with 
quite large variations. 
OSAVI stands for optimised SAVI. The OSAVI corresponds, in fact, to the TSAVI when 
a=1 and b=0 and is therefore not equivalent to the NDVI (Rondeaux et al., 1996). Among 
the SAVI-type indices OSAVI, which used 0.16 as the optimum adjusting factor, produced 
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the result with less variations than did SAVI and MSAVI. It seems that the choice of the 
parmeter L in the SAVI-type indices is quite critical in minimising the soil background 
effect in our case. This was also found by Rondeaux et al. (1996). 
In terms of the vegeation indices that consider the atmosphere ARVI and TSARVI 
performed much better than did GEMI. They are developed to reduce atmospheric effects, 
which can perturb the spectral contrast that would be observed at the surface. However, 
ARVI and TSARVI showed low performance for sparse or moderately dense vegetation 
environments in Jornada because they (especially ARVI) were marked by large errors 
related to the optical properties of bare soils. This result was also found by Bannari et 
al. (1996). 
The orthogonal vegetation indices (i. e PVI, PD54, and SSI) measure the orthogonal 
distance between a point in the space defined by the reflectance within two or more 
bands, and the soil line. These widely used orthogonal vegetation indices are based on a 
universally predetermined soil line, rather than the inherently assumed soil line 
characteristic of NDVI. They have been defined to remove the effects due to soil variations 
and are dependent on the soil background (Huete et al., 1985; Huete, 1988; and Baret et al., 
1992). Altough these indices are quite sensitive to atmospheric variation (Qi et al., 1994), 
they (especially PVI and PD54) performed well to correlate more strongly with semi-arid 
green vegetation than the NDVI or VRI. This corresponds to the findings in some other 
studies (e. g., Richardson and Weigand, 1977; Graetz et al., 1986; and Pickup et al., 1993). 
4.4.2 Correlations between individual SVIs and Ground Truth Dry Vegetation Cover 
No vegetation indices have been designed to estimate the proportions of dry vegetation 
cover, however, it is interesting to see how the existing ones perform in this regard 
(Table 4.5). Dry vegetation cover exhibits poor correlations with many spectral indices, 
but has somewhat stronger correlations with PD54 and SSI. The strengths of correlation 
between spectral indices and dry vegetation cover are PD54 (R2=0.65) and SSI 
(R2=0.63). These compare favourably with NDVI (R2=0.04) and VRI (R2=0.10). Cover 
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estimates derived from PD54 are subject to errors. Its RMSE is 7.9 but the RMSE for 
NDVI is 17.1. 
Table 4.5 Correlation between spectral indices and drv vegetation cover. 
Regression line Coefficient of determination 
(R2) 
F Statistic Significance F (P) 
VRI Y=1.04-0.003X 0.10 2.48 0.13 
NDVI Y=-0.02-0.002X 0.04 0.38 0.54 
SAVI Y=0.03-0.003X 0.26 8.12 0.01 
OSAVI Y=0.03-0.002X 0.26 8.22 0.01 
TSAVI Y=-0.05+0.002X 0.47 24.7 0.0001 
MSAVI Y=0.04-0.004X 0.26 8.19 0.01 
PVI Y=-5.5+0.25X 0.36 14.3 0.001 
PD54 Y=10.1+1.07X 0.65 42.4 1.2 x 10-6 
SSI Y=-0.14+0.006X 0.63 48.7 2.1 x 10-6 
GVI Y=-22.3-0.67X 0.42 16.9 0.0004 
ARVI Y=0.21-0.01X 0.39 13.9 0.001 
TSARVI Y=-0.25+0.01X 0.34 11.6 0.002 
GEMI Y=13.1-1.18X 0.34 11.7 0.002 
Vegetation indices based on simple combinations of visible and NIR reflectance, such as 
VRI and NDVI, have been widely used by the remote sensing community to monitor 
vegetation from space, both on regional and global scales. However, Rondeaux et al. (1996) 
indicated that they are sensitive to three main external factors: solar and viewing geometry, 
soil background, and atmospheric effects. Responses to all three factors are complex, 
intricately coupled, and dependent on surface characteristics (Qi et al., 1993). They exhibit 
poor correlation with dry vegetation cover and appear to be of limited value. This may be 
because of the darkening evident in semiarid vegetation canopies (Ringrose et al., 1994; 
Drake et al., 1999), soil albedo effects (Huete et al., 1985; Elvidge and Chen, 1995; Drake 
et al., 1999), the fact that some soils show a marked difference in reflectance between the 
red and NIR due to soil or rock mineralogy (Elvidge and Lyon, 1985; Drake et al., 1999). 
As the selection of a suitable vegetation index depends on the location of bare soil versus 
vegetation in the data space, band ratioing (i. e. NDVI and VRI) does not seem to be a good 
approach. This method implies that, as reflectance increases, the separation distance 
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between soil and vegetation in spectral space also increases. However, instead, that distance 
remains fairly constant, suggesting that a perpendicular vegetation index is appropriate 
(Pickup et al., 1993). Although they performed less effectively in the analysis of green 
vegetation cover, SSI and PD54 gave substantially better estimates of dry vegetation cover 
from TM data than any other indices or Band 3. 
4.4.3 Correlations between individual SVIs and Ground Truth Total Vegetation Cover 
Correlations between these 13 spectral indices with total vegetation cover in Table 4.6 show 
that RVI (R2=0.01), NDVI (R2=0.02), and SAVI (R2=0.02) are poorer than PD54, TSAVI 
(R2=0.64), and SSI (R2=0.62). Cover estimates from the most strongly correlated spectral 
index (i. e. PD54) to most weakly correlated spectral index (i. e. VRI) are subject to errors. 
The range of RMSE is from 5.7 to 23.7. 
Table 4.6 Correlation between sp ectral indices and total veg etation cover. 
Regression line Coefficient of determination F Statistic Significance F (P) 
(R2) 
VRI Y=0.98-0.0005X 0.01 0.31 0.58 
NDVI Y=0.0005-0.0003X 0.02 0.56 0.46 
SAVI Y=-0.02-0.0004X 0.02 0.41 0.53 
OSAVI Y=-0.001-0.0003X 0.02 0.41 0.53 
TSAVI Y=-0.06+0.002X 0.64 40.8 1.61 x 10-6 
MSAVI Y=-0.02-0.0006X 0.02 0.41 0.53 
PVI Y=-7.8+0.3X 0.61 36.4 3.75 x 10-6 
PD54 Y=11.7+0.74X 0.75 78.9 6.13 x 10-8 
SSI Y=-0.12+0.003X 0.62 37.1 3.24 x 10-6 
GVI Y=-26.7-0.3X 0.24 7.32 0.013 
ARVI Y=0.18-0.006X 0.31 10.3 0.004 
TSARVI Y=-0.25+0.008X 0.29 9.32 0.005 
GEMI Y=2.64-0.41X 0.11 2.95 0.1 
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Apart from SSI and PD54 the other indices were not designed to look at total vegetation 
cover. SSI and PD54 are orthogonal indices and have not been subject to modifications 
similar to the soil-adjusted versions of NDVI. The SSI was calculated as perpendicular 
distance from the soil line in the Band 2/ Band 4- Band 3/ Band 4 data space. The fact 
that SSI, which was affected by both amount of cover and greenness, performed well in the 
semi-arid evironment under dry condition is also supported by Pickup et al. (1993). As to 
PD54, it performed better than most of the other indices at the Landsat TM pixel scale 
because PD54, using actual soil line parameters, is calculated by identifying an upper soil 
band limit and then determining the perpendicular distance of each pixel from that line. The 
perpendicular distance is scaled using distances calculated for points or pixels that have 
100% cover. 
In the normal mix of rangeland vegetation at the pixel scale, the reference pixels occupy a 
very limited area of the TM Band 2- Band 3 data space in which the best discrimination 
between bare and vegetated targets least affected by greenness occurs (Pickup et al., 1993). 
The bare targets lie consistently above the vegetated ones, forming a distinct soil line or 
band, and there appears to exist a distinct vegetation line (Figure 3.3). Furthermore, there is 
no tendency for green vegetation to plot further from the soil line than other types of 
vegetation or even litter. The TM Band 2- Band 3 data space can, therefore, provide an 
index of vegetation cover, which is less affected by transient green conditions than other 
approaches. PD54 is the preferred vegetation cover index since it works well in both dry 
(R2=0.65) and green conditions (R2=0.56). It is highly effective at detecting total vegetation 
cover (R2=0.75), which is what this index was designed to detect. 
GVI performed worse than PD54 and SSI did. The relatively poor response of GVI might 
be explained by the fact that the green vegetation contribution to total vegetation cover is 
low and that these indices are only designed to look at green vegetation cover. In addition, 
the reflectances of these soils can be expected to be heavily influenced by mineral content 
and other substrate characteristics, which vary throughout the area. The influence of this 
soil variation on the middle-infrared bands probably added significant noise to the predictor 
variable, thereby causing much more interference with the relationship that we observed 
with the visible (e. g. red ) and near-infrared bands (Lawrence and Ripple, 1998). 
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4.4.4 Correlations between individual SVIs and Ground Truth Shade Cover 
Each vegetation index was also regressed against the percentage of shadow cover in each 
plot of field measurement to determine the relative sensitivity to shadow influence 
because shade cover is responsible for the low reflectance values even in the near- 
infrared region. Shade was significant for many of the SVIs (all p-values < 0.1) (Table 
4.7). Percentage of shade was highly significant for the PD54 (P < 0.0001) but not 
significant for NDVI (P = 0.6). Correlation with shade cover between these 13 spectral 
indices in the table 8 show that NDVI (R2=0.02), RVI (R2=0.12), and SAVI (R2=0.15) are 
poorer than PD54 (R2=0.77), TSARVI (R2=0.65), and ARVI (R2=0.59). Cover estimates 
from the most strongly correlated PD54 to most weakly correlated NDVI are subject to 
errors. The range of RMSE is from 5.3 to 22.4. 
Table 4.7 Correlation between spectral indices and shadow cover. 
Regression line Coefficient of determination F Statistic Significance F (P) 
(R2) 
VRI Y=-0.02+0.0003X 0.12 3.20 0.09 
NDVI Y=-0.02+0.0003X 0.02 0.37 0.60 
SAVI Y=-0.04+0.001X 0.15 4.10 0.06 
OSAVI Y=-0.03+0.001X 0.15 4.10 0.06 
TSAVI Y=0.02-0.001X 0.30 9.80 0.005 
MSAVI Y=-0.05+0.001X 0.15 4.14 0.05 
PVI Y=3.07-0.13X 0.33 11.2 0.003 
PD54 Y=42.5-0.4X 0.77 76.5 9x 10-9 
SSI Y=0.02-0.002X 0.57 31.0 1.2 x 10"5 
GVI Y=-42.4+0.25X 0.50 22.6 8.7 x 10-5 
ARVI Y=-0.05+0.003X 0.59 33.5 6.7 x 10'6 
TSARVI Y=0.05-0.004X 0.65 42.4 1.2 x 10-6 
GEMI Y=-22.7+0.46X 0.40 15.6 0.001 
4.5 MIXTURE MODELLING 
4.5.1 Selection of Endmembers 
The application of linear mixture modelling requires the identification of pure pixels 
corresponding to the selected endmembers. Nevertheless, it is widely recognised that the 
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greatest difficulties in the use of mixture modelling are the selection of endmembers, 
which represent the spectral characteristics of the cover types. Adams et al. (1993) 
explained that endmembers may be derived from the image (image endmembers), from 
library or from field reflectance spectra (reference endmembers). The analysis in this 
research is based on image endmembers. As image endmembers contain the noise of the 
imaging system, it may be possible to estimate the error derived from such noise (Settle 
and Drake, 1993). 
There are two main steps for the selection of image endmembers. One is to determine 
the number of components in the image. The other one is to locate the endmembers of 
these components. Among the various methods commonly used to determine 
endmembers from a satellite image, three were selected by Mettemicht and Fermont 
(1998): 1) identification of one pure pixel representing a particular surface component 
from false colour composites; 2) average of pure pixels to characterise a particular 
endmember; and 3) a method based on principal components (Smith et al., 1985). For 
techniques 1) and 2), pixels representing the surface components were selected from 
false colour composites (e. g. TM bands 3,2,1 or 4,3,2). 
Technique 3 assumes that pure endmembers lie at the extremes of the distribution of 
pixel signatures in the principal component feature space. The extremes are revealed by 
plotting a scattergram of the principal components. The number of extremes equals the 
number of spectrally distinct surface components. A similar technique is used by Peter et 
al. (1985), however, they had to use scattergrams of PCs one, two, and three to define 
their endmembers. Drake and Settle (1989) also used the first three PCs, while Cross et 
al. (1991) only used the first two. It would be reasonable to assume that scattergrams of 
the significant PCs would define all image endmembers as they contain all the significant 
information in the image (Drake, 1992). 
We have used the methodology of endmember selection suggested by Drake (1992) in 
this research. This methodology assumes that pure endmembers lie at the extremes of the 
distribution of pixel signatures in the principal component feature space. The number of 
extremes equals the number of spectrally distinct surface components. The extremes are 
revealed by plotting a scattergram of the principal components. Thus, the first step is to 
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run a PCA on all bands of the image, and then determine the number of significant 
principal components. After de-correlation of the image using PCA the variance for the 
six principal components are 1) PC 1= 80.19%; 2) PC2= 14.16%; 3) PC3= 4.19%; 4) 
PC4= 1.09%; 5) PC5= 0.22%; and 6) PC6= 0.15%. It was found that 98.54 percent of the 
original covariance had been transferred to principal components PC1, PC2, and PC3. 
PC I, PC2, and PC3 were the three significant principal components. 
Scattergrams of the significant principal components can be produced and the pixels that 
represent the relatively purest endmembers of cover types were located at the vertices of 
the polygon in the scattergrams. For example, Figure 4.17 shows the scattergram of PC 1 
against PC2 with endmembers of shade (S), moisture (MI and M2), white soil (WS 1), 
two red soils (RSI and RS2), and dry vegetation (DV or NPV: non-photosynthetic 
vegetation), and the scattergram of PC2 against PC3 with endmembers of dry vegetation 
(DV), two white soils (WS1 and WS2), and two kinds of green vegetation (GVI and 
GV2). The physical properties of each principal component was identified based on 
observation of surface materials in the field. The selected endmembers were proxies for 
four broad kinds of spectrally distinct materials (i. e. green vegetation, dry vegetation, 
and two soils) plus shade. It is not appropriate to interpret them in a more specific 
context, for example, as a vegetation species. Shade, caused by topographic shading and 
shadows, included light scattered and/or transmitted by standing plants and was not 
simply a photometric shade having zero reflectance in all bands (Roberts et al., 1993). 
PCA defined three potential vegetation endmembers (Figure 4.18). Two of them are for 
the active green materials and the other one for the dry in the canopy. Since dry 
vegetation has a somewhat similar spectral response to soils it is preferable that they 
could be separated from each other using Landsat TM image. Spectrally distinct 
endmembers were determined and used to locate the corresponding pixels on the image, 
allowing the extraction of endmember signatures from the original spectral bands. 
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Figure 4.18 Spectra of potential endmembers. 
4.5.2 Spectral Unmixing 
Once the endmembers were chosen, the spectra of the endmembers were applied to run 
the spectral unmixing models in ENVI and the LICMM. Both LICMM (constrained) and 
the mixture model in ENVI (unconstrained) were used to extract land cover information 
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at a sub-pixel level. It is vital to select an optimal set of image endmembers that can 
minimise the RMS and residual errors during application of mixture modelling in order 
to provide reasonable (positive and physically meaningful) fractions throughout most of 
the image. 
Theoretically, LICMM is able to train up to seven endmembers for mixture modelling of 
TM image. The linear mixture model used in ENVI requires endmembers to be one less 
than the number of input in order to solve the equation (Boardman, 1989 and 1992; 
Metternicht and Fermont, 1998). Since six bands of the Landsat TM sensor were used as 
inputs, the ENVI linear mixture model applied in the Jornada basin could use up to five 
surface components. Hence, for ENVI although eight potential endmembers were 
determined, only five at a time could be used to compose the optimal set of image 
endmembers which might typically include vegetation cover, background soils, and 
shade (Smith et al., 1990). Though LICMM could potentially use seven end-members 
results using this number were often poor and for the sake of comparison with ENVI 
only five have been used in this study. 
When running the models, two approaches used for applying set endmembers to the 
models were tested (Table 4.8). In the first approach (1-1 to 1-6), the spectral signature 
of the endmembers was determined by averaging pixel values related to each potential 
endmember. In the second approach (2-1 to 2-6), the purest pixel per endmember was 
selected using the n-D Visualiser in ENVI. The n-D Visualiser was used to locate, 
identify, and cluster the purest pixels and most extreme spectral responses in each data 
set (Boardman, 1993; Boardman and Kruse, 1994). All combinations of endmembers 
were tested to find the most optimal set. 
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Table 4.8 Analysis of the numerical instability and RMS error image, for the considered 
approaches using ENVI's model. 
RMS error image 
Method Combinations of the selected endmembers Ni Mean Std. Dev. Median 
1-1 GV1, DV, RS1, WS1, SH 4.6 1.57 0.81 2.10 
1-2 GV2, DV, RS 1, WS 1, SH 4.1 0.86 0.72 1.99 
1-3 GV1, DV, RS2, WS1, SH 4.7 1.61 0.82 2.20 
1-4 GV2, DV, RS2, WS1, SH 5.2 1.74 1.05 3.50 
1-5 GV1, DV, RS1, WS2, SH 5.8 1.88 1.14 3.95 
1-6 GV2, DV, RS2, WS2, SH 4.4 0.88 0.73 2.00 
2-1 GV1, DV, RS1, WS1, SH 4.1 0.82 0.70 1.98 
2-2 GV2, DV, RS1, WS1, SH 1.9 0.53 0.44 1.05 
2-3 GV1, DV, RS2, WS1, SH 4.2 0.89 0.72 2.03 
2-4 GV2, DV, RS2, WS1, SH 4.2 0.88 0.73 2.02 
2-5 GV 1, DV, RS 1, WS2, SH 4.8 1.62 0.85 2.26 
2-6 GV2, DV, RS2, WS2, SH 2.5 0.67 0.58 1.43 
*GV: Green vegetation; DV: Dry vegetation; RS: Red soil; WS: White soil; SH: Shade. NI: numerical instability. 
The output of the spectral unmixing consisted of a proportion map for each of the 
considered surface components and a root-mean-square (RMS) image. The RMS error 
image represents the error between the original, mixed spectrum and the best-fit 
spectrum computed from the resulting endmember abundances. General acceptance of 
mixture modelling was dependent on the endmember fractions producing a close fit to 
the measured pixel digital number. The overall fit of the model was judged to be good if: 
1) fractions were not <0 or >1,2) the average RMS error was low, and 3) the RMS error 
image showed a low spatial correlation (van der Meer, 1995). Pixels having high RMS 
values and/or fractions <0 or >1 indicated un-modelled compositional variability in the 
scene. 
Histograms of the error images were built up to compare the standard deviation, mean, 
and median. These parameters were then used, in addition to the analysis of numerical 
instability (NI), to select the best set of endmembers (Metternicht and Fermont, 1998). 
The analysis of numerical instability refers to the percentage of image pixels whose 
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abundances violate the sum to one constraint and generally indicate that the endmembers 
used do not closely match some regions of the image. 
In order to see if the lowest NI indicated that the set of end-members do closely match 
the regions of the image and can be used to produce the best results from mixture 
modelling four marked methods with extreme NI in Table 4.8 were chosen to correlate 
with field data. Table 4.9 shows the results and that the unmixed results using the end- 
members of lowest NI (i. e. NI=1.9; method 2-2) provide the most acurate correlation 
with field data. 
Table 4.9 Correlations of linear regression of field estimates of land covers against 
unmixed results using different methods in Table 4.8. 
Method 1-4 (NI: 5.2) Method 1-5 (NI: 5.8) Method 2-2 (NI: 1.9) Method 2-6 (NI: 2.5) 
GV R2=0.76 R2=0.72 R2=0.92 R2-0.89 
DV R2=0.71 R2=0.68 R2=0.85 R2=0.82 
RS R2=0.62 R2=0.57 R2=0.76 R2=0.70 
WS R2=0.48 R2=0.42 R2=0.56 R2=0.50 
SH R2=0.59 R2=0.52 R2=0.70 R2=0.63 
TV R2=0.74 R2=0.71 R2=0.92 R2=0.88 
GV: Green Vegetation; DV: Dry Vegetation; RS: Red Soil ; WS: White Soil; TV: Total Vegetation; SH: shade. 
According to Table 4.8 the use of the purest pixel reflectances to build up the spectral 
signature of GV2, DV, RS1, WS1, and shade (method 2-2) provided the best 
characterisation of the surface components. Method 1-5 produced the highest percentage 
of image pixels violating the imposed constraints, expressed by a high numerical 
instability, while the lowest values corresponded to method 2-2, which also showed the 
lowest mean and standard deviation errors in Table 4.8. Therefore, method 2-2 was 
assumed to best characterise the surface components of the selected area. 
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4.5.3 Validation of Mixture Modelling 
The accuracy of the land cover proportions estimates was determined by comparing them 
to field measurements. Table 4.10 shows the results of linear regressions of percentage of 
green vegetation, dry vegetation and total vegetation cover, soils, and shade measured in 
the field against the spectral unmixing model in ENVI and LICMM using the selected 
endmembers. Both models produced very good estimates of green, dry, and total 
vegetation cover. 
Table 4.10 Results of the spectral unmixing model in ENVI and LICMM using the 
selected endmembers. 
ENVI model LICMM 
Regression line R2 F P Regression line R2 F P 
GV Y=-0.94+0.84X 0.92 257 5.79x10-14 Y=-0.5+0.89X 0.93 289 1.64x10-14 
DV Y=1.94+0.94X 0.85 134 4.57x10-11 
RS Y=6.12+1.28X 0.76 71 1.66x10-8 
WS Y=1.08+1.01X 0.56 29 1.72x10-5 
SH Y=-130.4+2.9X 0.70 53 2.09x10-7 
TV Y=0.18+0.94X 0.92 255 6.1x10-1a 
Y=2.32+0.91X 0.86 138 3.46x10-" 
Y=6.53+1.36X 0.84 121 1.26x 10-'0 
Y=-4.5+0.97X 0.84 118 1.62x 10"l0 
Y=3.73+1.18X 0.82 104 5.13x10-1o 
Y=0.32+0.97X 0.93 277 2.54x 10-14 
GV: Green Vegetation; DV: Dry Vegetation; RS: Red Soil; WS: White Soil; TV: Total Vegetation; SH: shade. 
LICMM performed better than ENVI for all endmembers, especially soils and shade. 
LICMM could explain about 30% more variability than ENVI with respect to white soil. 
LICMM performed best with respect to green vegetation cover (R2 = 0.93 and RMSE = 
1.42), and total vegetation cover (R2 = 0.93 and RMSE = 1.62), followed by dry 
vegetation cover R2 = 0.86 and RMSE = 2.62). Hence, the results derived from LICMM 
were used for further analysis. It seems that the constraints in LICMM provide a general 
improvement over the unconstrained ENVI model. Similar results were found by Settle 
and Drake (1993). 
Scatterplots of at-satellite measurement versus ground measurement are effective in 
illustrating the differing effects of endmembers, shrub type, and background (Duncan 
et al., 1993). The results for shade are shown in Figure 4.19. The coefficient of 
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determination of the measured and estimated shade proportions is 0.82. The data fit 
the regression line Y=3.7 + 1.2 X (F = 104, P=5.13 x 10-10) (Table 4.7). The image 
tends to overestimate the real values. Obviously, a systematic error occurs between 
the image estimates of shade and those of field measurements. A degree of scatter 
occurs for the higher proportion estimates. It is interesting to note there seems to be a 
general increasing amount of shade with the lowest provided by grass, intermediate 
amounts by tarbush, slightly high amounts by creosotebush, and with mesquite 
providing the highest values. 
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Figure 4.19 Correlation between field-measured and mixture modelling estimated 
proportions of shade (M: mesquite, C: creosote bush, T: tarbush, and G: grass). 
In Figure 4.20, the brighter pixels represent high abundance of shade unmixed from other 
components using a ROI spectrum and the linear spectral unmixing technique (i. e. 
LICMM). It is clear that in mountainous regions the shade mixture map successfully 
depicts variations in illumination induced by topography (Adams et al. 1986). In some 
vegetated areas where the image is not influenced by topographic shading, on the valley 
floor and on the bajadas, subtle effects of sub-pixel surface roughness and vegetation canopy 
architecture are revealed. However, high proportions of shade are also found along the Rio 
Grande, an apparent anomaly that is due to the presence of water and surface moisture. 
As 
both shade and increasing amounts of moisture have a similar effect (i. e., reducing the 
reflectance) on the spectral response of the surface, confusion may arise (Drake, 
1992). 
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Another anomaly takes place on stone pavements around mountain areas, such as Dona Ana 
and Point of Rocks (Figure 4.21). As the materials in these areas have very low reflectance, 
the problem can be related to similarities in reflectance, comparable to that produced by 






Figure 4.20 Shade mixture map successfully depicting variations in illumination induced 
by topography in mountainous regions and in some vegetated areas. 
Figure 4.21 Stone pavements around Point of Rocks. 
Radiance from shadowed areas contains contributions of light scattered from adjacent 
terrain and from the atmosphere (Smith et al., 1990). The effect of shade, described 
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by some researchers, plays an important role in decreasing solar illumination and 
shadowing (e. g. Smith et al., 1990; Leblon et al., 1996). In the shade images, primary 
patterns correspond to large-scale topographic features and surface albedo, while 
secondary shade patterns correspond to sub-pixel scale topography, surface 
roughness, vegetation community and canopy architecture (Smith et al., 1990). 
At the sub-pixel scale, where shadows cannot be spatially resolved, it is not possible 
to tell whether shade, defined as the reflectance of an ideal black surface, is due to 
shading, shadows, or to a combination of both. Hence, the shade endmember was 
used to account for shading (variation in lightness due to local incidence angle) and 
shadows at all spatial scales. Shadows are cast by objects such as leaves in a plant 
canopy and boulders on the ground. Shaded areas also contain simple photometric 
shade having zero reflectance in all bands (Adams et al., 1995). 
Figure 4.22 shows the scatterplot of measured and estimated green vegetation before 
shade has been removed. In general, the data all fit the regression line though field 
measurements of green vegetation are greater than image proportions estimated in 
most plots. Among the 25 sites, mesquite plots have significantly higher values than 
creosotebush plots because at this time of year it exhibits higher cover. Creosotebush 
has the greatest cover range. Creosotebush with sclerophyllous leaves were more 
difficult to see in the field photographs and caused more scatters on the estimates. 
Tarbush was almost leafless in June and had significantly lower values of 
measurement than mesquite or creosotebush in the sample plots. In June most of 
grasses and forb were almost dry. The abundance of grasses and forb green biomass 
was very low in the plots. 
It has been found that image-based proportions estimates of green vegetation are 
commonly greater than ground measurements (e. g. Smith et al., 1990). However, it 
seems that the over-estimation is not severe in this case. The coefficient of determination 
of the measured and estimated green vegetation proportion is 0.93 F= 289, P=1.64 X10- 
14 ) and the data fit the regression line: Y=0.5 + 0.98 X. 
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Figure 4.22 Correlation between field-measured and mixture modelling estimated 
proportions of green vegetation (M: mesquite, C: creosote bush, T: tarbush, and G: 
grass). 
Smith et al. (1990) normalised the endmembers corresponding to the material 
components of the scene by rescaling all fractions, except the fraction of shade (Fsnade), so 
that they sum to unity, pixel by pixel. In the process of rescaling, it is assumed that shade 
is equally partitioned among the other endmembers. This assumption is warranted when 
shading (rather than shadows) contributes the shade fraction if the subpixel topography 
affects all materials more or less equally. 
A scaled green vegetation fraction (GVFS) was also calculated from the green vegetation 
fraction (FGV) and the fraction of shade (Fsiade) as 
GVFs = FGV / (1- Fshade) (4-1) 
Figure 4.23 shows the scatterplot of the measured and estimated green vegetation after 
shade has been removed. The vegetation fraction modified by the shade fraction 
produced a much more reasonable result than the original one. The coefficient of 
determination of the measured and estimated green vegetation proportion is 0.94 (F = 
338, P=2.98 x 10-15). The data fit the regression line: Y= -1.15 + 0.86 X. However 
image proportion estimates still remain below those of green vegetation field 
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measurements. Smith et al. (1990) attributed this to the fact that ground measurements 
do not fully account for the gaps between the leaves and branches of the shrubs and the 
underestimation they report is at most 30%. Though the number of validation sites is too 
small to draw firm conclusions, green vegetation-cover estimates seem to be remarkably 
precise considering that proportions are low. 
20 T'-'-- --I'-- -- -'-- - -- -- -- -'-- -- ------ 
0 Y=-1.15+0.86X 
0) cö 














a) 5 A 
0 
05 10 15 20 
Ground measurement of green vegetation amount (%) with 
shade removed 
Figure 4.23 Correlation between calibrated field-measured and calibrated mixture 
modelling estimated proportions of green vegetation. 
In terms of dry vegetation, Roberts et al. (1992; 1993) and Sabol et al. (1992a) have 
shown that dry vegetation and soil could be distinguished in California with high spectral 
resolution AVIRIS images. However, dry vegetation is extremely hard to estimate 
accurately in semiarid shrublands and the results derived from mixture modelling are 
highly sensitive to quantization and other noise effects (Drake et al., 1999). In our case, 
the coefficient of determination between field measured and mixture modelling estimated 
proportion of dry vegetation amount was 0.86 before shade had been removed as shown 
in Table 4.7. A scaled dry vegetation fraction (DVFS) from the dry vegetation fraction 
(FDV) and the fraction of shade (Fshade) as 
DVFs = Feu / (1- Fshade) (4-2) 
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After shade has been removed, the coefficient of determination of the measured and 
estimated dry vegetation proportions is 0.89 (F = 192, P=1.2 x 10-12) and the data fit the 
regression line Y=2.13 + 0.86 X (Figure 4.24). 
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Figure 4.24 Correlation between calibrated field-measured and calibrated mixture 
modelling estimated proportions of dry vegetation. (M: mesquite, C: creosote bush, T: 
tarbush, and G: grass). 
The scatter on these estimates is greater than that found for green vegetation over the 
corresponding ranges. That is either because the amount of dry vegetation (i. e. NPV) in 
the plots was more difficult to estimate than that of green vegetation (Drake et al., 1999) 
or because of the lower spectral contrast characteristic of dry vegetation (Adams et al., 
1995). In mesquite-dominated areas dry vegetation had high value estimates. The 
amounts of dry vegetation were also high in coarser gravely soils of slopes and bajadas 
where creosotebush is the dominant shrub. It has been found that some image proportion 
estimates of creosotebush were overestimated and varied significantly. However, the 
results of most of the estimates were encouraging. 
Drake (1991) has shown that it is possible to map the proportions of both green and dry 
vegetation using mixture modelling and by summing them to derive total vegetation 
cover. Total vegetation estimates used here are equivalent to the sums of green 
vegetation amount and dry vegetation amount (Drake, 1991). The regression of total 
vegetation estimates from mixture modelling against field-estimated total vegetation 
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estimates for the 25 plots yielded a good linear fit (Figure 4.25). The coefficient of 
determination of the measured and estimated total vegetation proportions is 0.93 (F = 
305, P=9.1 x 10-15) and the data fit the regression line Y=1.06 + 0.91 X. Among the 25 
sites, vegetation cover of the mesquite dominant areas posted significantly higher values 
than the other vegetation types when the image was acquired in June. The lowest total 
vegetation amount appeared in grasses dominated areas. Creosotebush has the greatest 
cover range and has higher measurement values than tarbush in the sample plots. 
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Figure 4.25 Correlation between field-measured and mixture modelling estimated 
proportions of total vegetation (M: mesquite, C: creosote bush, T: tarbush, and G: grass). 
The results of validation for red soil are shown in Figure 4.26. The regression of red soil 
estimates from mixture modelling against field-estimated red soil estimates for the 25 
plots yielded a good linear fit. Before shade has been removed, the coefficient of 
determination of the measured and estimated red soil proportions is 0.84. After shade has 
been removed, the coefficient of determination of the measured and estimated red soil 
proportions is 0.86 (F = 101, P=7.2 x 10-15) and the data fit the regression line Y= 21 + 
0.61 X. Among the 25 sites the overestimation of red soil occurred because of the red 
soil end-member that is not quite pure and errors associated with the measurements. Red 
soil in the grass dominant areas had significantly higher values than the other plots when 
the image acquired in June because it has the lowest cover. 
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Figure 4.26 Correlation between field-measured and mixture modelling estimated 
proportions of red soil (M: mesquite, C: creosote bush, T: tarbush, and G: grass). 
The result for white soil is shown in Figure 4.27. The coefficient of determination of the 
measured and estimated white soil proportions is 0.88 after shade has been removed (F = 
113, P=2.3 x 10-10) and the data fit the regression line Y=5.85 + 0.97 X. The field 
measurements are generally greater than the image estimates. Obviously, there is a 
systematic error between the image estimates of white soil and those provided by the 
field measurements. This may be because the white soil endmember is not quite pure. 
Among the 25 sites white soil in the grass dominant areas also had significantly higher 
values than the other plots, such as tarbush and creosotebush. 
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Figure 4.27 Correlation between field-measured and mixture modelling estimated 
proportions of white soil (M: mesquite, C: creosote bush, T: tarbush, and G: grass). 
4.6 COMPARISON BETWEEN MIXTURE MODELLING AND 
SPECTRAL VEGETATION INDICES APPROACHES 
When compared with vegetation indices, mixture modelling can analyse not only green 
vegetation cover but also shade, soils, and NPV (Smith et al., 1990; Drake, 1991). This 
implies that the mixture modelling may be more powerful for estimation of total 
vegetation cover than any vegetation indices. In terms of the integrated results shown in 
Tables 4.11 and 4.12, mixture modelling, especially LICMM, is an reasonably accurate 
measure of the soils, dry vegetation, and green vegetation at Jornada when compared to 
the relatively low degree of correlation between SVIs and various vegetation parameters 
(e. g. green, dry, and total vegetation cover). In contrast, many of the correlations 
between SVIs and various vegetation parameters are not significant or result in low R2 
values. Among the spectral vegetation indices, TSAVI performed best on green 
vegetation cover (R2 = 0.72) while PD54 did best on dry vegetation cover and total 
vegetation cover (R2 = 0.65 and R2 = 0.75 respectively). Most of the best SVI R2 values 
are even lower than those of individual spectral bands. For instance, in terms of dry 
vegetation PD54 (R` = 0.65) performed worse than band 7 and in terms of total 
vegetation it also did worse than band 3. Even more remarkable is the fact that the 
- 150 - 
CHAPTER 4 MAPPING LAND COVER USING LANDSAT TM IMAGERY 
individual spectral bands, such as bands 7, performed even better than the ENVI mixture 
model with respect to red soil and shade. 
Table 4.11 Results of linear regression of field estimates of green, dry, total vegetation cover, and 
shade against the mixture models, individual spectral bands, and SVIs resnectively. 
Green vegetation Dry vegetation Total vegetation Shade 
Slope P-Value R2 Slope P-Value R2 Slope P-Value R2 Slope P-Value R2 
LICMM 0.89 <0.0001 0.93 0.91 <0.0001 0.86 0.97 <0.0001 0.93 1.2 <0.0001 0.82 
ENVI 0.84 <0.0001 0.92 0.94 <0.0001 0.85 0.94 <0.0001 0.92 2.9 <0.0001 0.70 
Bandl 1.53 0.004 0.30 1.56 0.002 0.35 1.02 0.0006 0.41 -0.72 0.002 0.34 
Band2 1.56 0.0002 0.47 1.53 <0.0001 0.50 1.04 <0.0001 0.63 -0.69 0.0002 0.46 
Band3 -3.32 <0.0001 0.59 -3.16 <0.0001 0.60 -2.20 <0.0001 0.79 -1.36 <0.0001 0.51 
Band4 3.44 <0.0001 0.71 -2.55 0.0003 0.43 -1.39 <0.0001 0.73 -1.07 0.002 0.35 
Bands 1.78 0.01 0.11 4.24 <0.0001 0.71 2.05 0.0002 0.46 -2.13 <0.0001 0.82 
Band7 1.43 0.05 0.16 3.05 <0.0001 0.81 1.54 <0.0001 0.57 -1.40 <0.0001 0.80 
VRI 0.002 0.013 0.24 -0.003 0.13 0.1 -0.0005 0.58 0.01 0.0003 0.09 0.12 
NDVI 0.001 0.006 0.29 -0.002 0.54 0.04 -0.0003 0.46 0.02 0.0003 0.6 0.02 
SAVI 0.001 0.3 0.05 -0.003 0.01 0.26 -0.0004 0.53 0.02 0.001 0.06 0.15 
OSAVI 0.001 0.18 0.08 -0.002 0.01 0.26 -0.0003 0.53 0.02 0.001 0.06 0.15 
TSAVI 0.005 <0.0001 0.72 0.002 0.0001 0.47 0.002 <0.0001 0.64 -0.001 0.005 0.30 
MSAVI 0.002 0.29 0.05 -0.004 0.01 0.26 -0.0006 0.53 0.02 0.001 0.05 0.15 
PVI 0.59 <0.0001 0.70 0.25 0.001 0.36 0.3 <0.0001 0.61 -0.13 0.003 0.33 
PD54 1.06 <0.0001 0.56 1.07 <0.0001 0.65 0.74 <0.0001 0.75 -0.4 <0.0001 0.77 
SSI 0.004 0.02 0.22 0.006 <0.0001 0.63 0.003 <0.0001 0.62 -0.002 <0.0001 0.57 
GVI -0.25 0.27 0.05 -0.67 0.0004 0.42 -0.3 0.013 0.24 0.25 <0.0001 0.50 
ARVI -0.01 0.003 0.32 -0.01 0.001 0.39 -0.006 0.004 0.31 0.003 <0.0001 0.59 
TSARVI 0.012 0.005 0.30 0.01 0.002 0.34 0.008 0.005 0.29 -0.004 <0.0001 0.65 
GEMI -0.16 0.73 0.01 -1.18 0.002 0.34 -0.41 0.1 0.11 0.46 0.001 0.40 
Table 4.12 Results of linear regression of field estimates of red soil, white soil cover 
against the mixture models and individual spectral bands respectively. 
Red Soil White Soil 
Slope P-Value R2 Slope P-Value R2 
LICMM 1.36 <0.0001 0.84 0.97 <0.0001 0.84 
ENVI 1.28 <0.0001 0.76 1.01 <0.0001 0.56 
Bandl 1.56 0.002 0.35 1.67 <0.0001 0.70 
Band2 1.46 0.0002 0.45 1.23 <0.0001 0.57 
Band3 3.16 <0.0001 0.60 2.03 0.0004 0.43 
Band4 2.55 0.0004 0.43 1.91 0.0005 0.42 
Bands 4.24 <0.0001 0.71 0.80 0.32 0.04 
Band7 3.05 <0.0001 0.81 0.53 0.33 0.04 
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4.7 DISCUSSION AND CONCLUSIONS 
In this chapter we used the spectral vegetation indices and mixture modelling approaches 
of Landsat TM multispectral satellite image to present an investigation of land cover 
information in the semiarid Jornada basin of New Mexico. By comparing the accuracy of 
mixture modelling to that of vegetation indices using green, dry, and total vegetation 
cover measurements in the field it was possible to determine which method performs 
relatively better under the heterogeneous vegetation and degraded substrate conditions 
found within the Jornada area. The following conclusions resulting from this research 
may be advanced as follows: 
1) Spectral measurements of vegetation canopies through linear combination of spectra 
of green vegetation, dry vegetation, and background (considered as a macroscopic 
mixture of white and red soils) can be modelled in the Jornada area. 
2) LICMM performed better than ENVI for all endmembers, especially for soils and 
shade. Thus, the results derived from LICMM will be used for further analysis. 
3) The correlation of field-measured and model-estimated green vegetation, dry 
vegetation, and total vegetation proportions is 0.93,0.86, and 0.93 respectively. 
Moreover, the results obtained through mixture modelling can improve the 
correlation to 0.94 for green vegetation and 0.89 for NPV by removing the effect of 
shade. Therefore, a promising avenue of further research would be to focus on the 
application of mixture modelling. In contrast, many of the correlations between SVIs 
and various vegetation parameters are not significant or resulted in low R2 values. 
Among the spectral vegetation indices, TSAVI performed best on green vegetation 
cover (R2 = 0.72) while PD54 did best on dry vegetation cover and total vegetation 
cover (R2 = 0.65 and R2 = 0.75 respectively). Most of the best SVI R2 values are even 
lower than those of individual spectral bands. For instance, in terms of dry vegetation 
PD54 (R2 = 0.65) performed worse than band 7 and in terms of total vegetation it 
also did worse than band 3. Even more remarkable is the fact that the individual 
spectral bands, such as bands 7, performed even better than the ENVI mixture model 
with respect to red soil and shade. 
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4) When compared with vegetation indices, mixture modelling may be used to analyse 
not only green vegetation cover but also shade, soils, and NPV (Smith et al., 1990; 
Drake, 1991). This implies that the mixture modelling is much more powerful than 
any of the vegetation indices. 
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5. MAPPING LAND DEGRADATION IN JORNADA 
ECOSYSTEM 
5.1 INTRODUCTION 
5.2 MAPPING SHRUB TO GRASS RATIO 
5.3 MAPPING SOIL DEGRADATION 
5.4 MAPPING GRAZING GRADIENTS 
5.5 CONCLUSIONS 
5.1 INTRODUCTION 
In the last chapter, mixture maps (i. e. unmixed images) of green vegetation, dry 
vegetation, white soil, and red soil have been produced using mixture modelling. Maps 
representing land-cover abundance for each type of land cover and where shade has been 
removed provide the unmixed results within a data range of 0 to 1 in Figure 5.1. In these 
unmixed images, higher abundances are represented by brighter pixels. The results 
validated by field measurements indicate that spectral measurements of vegetation 
canopies through linear combination of spectra of green vegetation, dry vegetation, and 
soils can be modelled in the Jornada area. 
In this chapter these images are used to produce maps relating to the processes of land 
degradation. As mentioned in Ch. 1, land degradation in the context of the formerly 
perennial grass-dominated rangelands of the Jornada area has been defined as a change 
in scale of the spatial distribution of vegetation cover and soil resources. In undisturbed 
perennial grasslands, concentration of soil resources was associated with vertical and 
horizontal distribution of the dense root mats of grass clumps. Between grass clumps, the 
relatively small un-vegetated spaces resulted in a relatively homogeneous distribution of 
resources. After human pressure on land resources, land degradation resulting from 
interactions between climatic characteristics and ecologically unbalanced human 
interventions are widespread in the Jornada basin. 
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Figure 5.1 Mixture maps of (a) green vegetation, (b) dry vegetation, (c) red soil, and (d) 
white soil. The image proportions are graded with black as 0 per cent and white as 100 
per cent. 
Socio-economic impacts trigger degradation processes by disturbing the complex 
interactions of plant growth, soil formation and erosion processes. Moreover, inadequate 
land-use practices (e. g. excessive grazing) are the fundamental causes of further land 
degradation. Gradually, the widespread replacement of the grasslands by and shrublands 
has resulted in land degradation through increased spatial and temporal heterogeneity of 
vegetation cover, soil resources and nutrient loss in the ecosystem. Such a situation is 
indicative of an unhealthy ecosystem, unable to support itself and often leading to 
accelerated changes in community composition and ecosystem dynamics (de Soyza et 
al., 1998). 
Vegetation changes and soil degradation are often connected. In many situations, 
vegetation changes trigger persisting alterations in soil and consequently in ecosystem 
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function, which are not reversible on a time scale relevant to management. The degree of 
soil degradation in many ways reflects the state of the vegetation that covers and 
conditions the soil (Perez-Trejo, 1994). In terms of soil degradation, accelerated water 
and wind erosion are the most important causes of soil degradation. The destruction of 
vegetation cover and structure, contributes greatly to the potential increase of land 
degradation because barren intershrub spaces generate overland flow and provide no 
impediment to wind. The result is further soil erosion and nutrient losses from the 
ecosystem. 
Warren and Hutchinson (1984) suggested there are three critical environmental variables 
that are associated with rangeland change in the Jornada area and that appear to have 
high potential for investigation using remote sensing. These critical variables are organic 
soil cover, relative proportion of grass and shrub cover (shrub to grass ratio), and total 
vegetation cover. 
In terms of the destruction of vegetation cover and its structure, Warren and Hutchinson 
(1984) indicated that increasing degrees of vegetation change were associated with a 
decrease in total vegetation cover and an increase in the ratio of shrub to grass cover. The 
overall pattern of variation in vegetation cover associated with disturbance is an apparent 
initial decrease in total cover due to reduction in grass cover followed by a slight 
increase in total cover associated with shrub invasion or encroachment. A trend of 
increasing cover due to shrub invasion, which corresponds to a worsening condition, 
could be misinterpreted as improvement if no information beyond total vegetation cover 
is available. The finding is especially significant for remote sensing of rangeland 
degradation because a general remote sensing procedure (using vegetation indices for 
example), which detected only total vegetation cover, could produce misleading results. 
Therefore, in terms of mapping land degradation, it is crucial to produce a shrub to grass 
cover ratio map with the use of green and dry vegetation mixture maps in addition to 
total vegetation-cover map derived by summing them. 
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5.2 MAPPING SHRUB TO GRASS RATIO 
5.2.1 Producing a Shrub Cover Map 
It is a basic requirement of mapping shrub to grass ratio to produce shrub and grass cover 
maps that can be used to indicate the proportion of certain species in the Jornada basin. 
Within the study area three general vegetation communities predominate on the 
following three major geomorphic types: 
1) Silty bottomlands characterised by tobosa, burrograss and tarbush 
2) Sandy upland characterised by mesquite, snakeweed, dropseeds, and black grama. 
3) Gravely upland characterised by creosotebush, snakeweed, and bush muhley (Warren 
and Hutchinson, 1984). 
There is a wide range of conditions with varying grass and shrub cover in both of silty 
bottomlands and sandy uplands but on gravely uplands the creosotebush community is 
essentially homogeneous over extensive areas with uniformly less grass cover 
(Buffington and Herbel, 1965; Warren and Hutchinson, 1984). 
The phenology of leaf growth of shrubs is quite different from that of grasses. The 
difference in the timing of green-up between shrubs and grasses may be a way of 
distinguishing between shrub cover and grass cover through remotely sensed data. For 
instance, mesquite begins leafing out in late March and is in peak green biomass by June 
but the grasses usually show maximum green biomass in late summer (Gibbens et al., 
1981). In terms of spectral response, shrubs have a high IR/red ratio in May and decrease 
slightly in greenness by September. In contrast, all grasses show a decrease in brightness 
between May and September and an increase in greenness (Warren and Hutchinson, 
1984). 
The phenology of most shrubs (i. e. mesquite and creosotebush) is sufficiently different 
from that of grasses to permit discrimination with spectral data if a time dimension is 
added (Warren and Hutchinson, 1984). For instance, Figure 5.2 shows the daily rainfall 
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data at USDA Jornada LTER weather station (WS) in 1996. In drought years such as 
1996, spring, autumn, and winter were dry and most of precipitation occurred from the 
end of June to the beginning of September. Thus, the greenness should be related to the 
biomass of shrub-leaf-growth phenology in Figure 5.3 (a) because the shrubs, especially 
mesquite, are green but grasses are not when the image was acquired in June 23rd, 1996. 
The greenness is slightly different from that in Figure 5.3 (b) because this image was 
acquired in July in a wet year such as 1992 (Figure 5.4). In this image both shrubs and 
grasses are green and there is little chance of discriminating between the two. Therefore, 
the 1996 image is better than 1992 one for discrimination of shrub and grass. 
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Figure 5.3 False colour images (band 7-red; band 4-green; band 2-blue) used to show that 
discrimination of vegetation is possible. (a) was acquired in June, 1996 and (b) in July, 1992. 
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Daily rainfall data at WS, 1992 
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Figure 5.4 The daily rainfall data collected from USDA Jornada weather station (WS) in 1992. 
Figure 5.5 shows the calibrated field-measured green vegetation estimates plotted against 
field-measurements of green shrub estimates. Green vegetation displays a reasonably 
strong relationship (R2 = 0.93) with green shrub cover measured in most areas except the 
tarbush-dominated ones because tarbush greens up later in the summer. 
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Figure 5.5 Correlation between the calibrated field-measured proportions of green 
vegetation (%) and green shrub cover (%). (M: Mesquite; C: Creosotebush; T: Tarbush; 
G: Grasses). 
In terms of the reasonably strong relationship between green vegetation and green shrub 
cover it is assumed that June greenness should therefore be correlated with shrub cover. 
A shrub cover abundance map can be produced using the linear equation related to both 
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parameters (i. e. green vegetation cover and green shrub cover). Figure 5.6 shows the 
shrub cover map after calibration and density slicing from the green vegetation map, 
which was derived using the linear equation related to ground truth green vegetation and 
mixture modelled green vegetation in Figure 4.23. The area outlined in white contains 
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Figure 5.6 Shrub cover map after calibration and density slicing from unmixed green 
vegetation map. 
5.2.2 Producing a Grass Cover Map 
5.2.2.1 Introduction 
In terms of dry vegetation it is possible to hypothesise that dry vegetation cover in June 
of a drought year such as 1996 could/can be correlated with grass cover. Figure 5.7 
shows the calibrated field-measured dry vegetation estimates plotted against field- 
measured dry grass estimates. Dry vegetation does not display such a strong relationship 
(R2 = 0.67) with dry grass cover measured in the field (especially those estimates in the 
tarbush-dominated areas). This result may be because tarbush which is the dominant 
shrub on disturbed silty bottomlands has phenological patterns so similar to grasses that 
they can not be satisfactorily distinguished (Gibbens et al., 1981; Warren and 
Hutchinson, 1984; Gibbens, 1991). At this time of year it is not possible to correlate dry 
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vegetation with dry grass in the tarbush-dominated areas (i. e. the disturbed silty 
bottomlands) because the amount of dry vegetation could not be considered as that of 
grass cover only. Thus, we suggest that the tarbush-dominated areas should be ignored at 
this time of year and a further image acquired at the end of the summer growing season 
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Figure 5.7 Correlation between the calibrated field-measured proportion of dry 
vegetation (%) and dry grass cover (%) (M: mesquite, C: creosote bush, T: tarbush, and 
G: grass). 
As to tarbush-free areas (i. e. grassed areas, sandy uplands, and gravely uplands), 
however, dry vegetation cover can still be correlated with dry grass cover. Figure 5.8 
shows the calibrated field-measured at dry vegetation estimates plotted against field- 
measured dry grass estimates in tarbush-free areas. Dry vegetation at this time displays 
an adequately strong relationship (R = 0.88) with dry grass cover measured in the field. 2 
The results in Figures 5.7 and 5.8 indicate two points to be discussed if we attempt to 
produce a rational grass-cover-abundance map. The first point is about the phenology, 
which could be used to distinguish grasses and tarbush in silty bottomlands. In terms of 
the phenology, two aspects should be considered. On one hand, most of the grasses, as 
mentioned in Chapter 1, are dry in October and usually remain so until the next 
summer's rainy season (Humphrey, 1958). On the other hand, tarbush reaches its peak 
greenness in September/October and remains so before the first frost in 
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November/December. Thus, it is possible that we could distinguish grasses and tarbush 
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Figure 5.8 Correlation between the calibrated field-measured proportion of dry 
vegetation (%) and dry grass cover (%) in tarbush-free areas. (M: mesquite, C: creosote 
bush, T: tarbush, and G: grass). 
However in this case, we do not have a September/October image. Thus, it is important 
to produce a map, which could be used to distinguish between tarbush-free and tarbush- 
dominated areas. In order to achieve this, some process of remote sensing mapping (e. g. 
image classification) that directly assigns each pixel to a particular class of interest, such 
as class for each vegetation type is needed. The image resulting from the labelling of 
individual pixels is henceforth referred to as a classification (or thematic) map. 
5.2.2.2 Classification of Vegetation Communities Based on Fractions of Mixture Maps 
Our objective in this sub-section is to develop approaches that may be used to produce a 
reasonable classification map for vegetation communities. Two methods, which are 
mixture map thresholding and statistical classification, were evaluated in terms of their 
ability to classify vegetation communities. 
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In terms of image classification it is important to introduce the concept of rule images. 
Rule images are intermediate result images that show classification results before the 
final assignment of classes is performed (Boardman and Kruse, 1994). For example, rule 
images for the maximum likelihood classification in ENVI are the individual probability 
images, for each class used in the classification. The probability values retained in the 
rule images are then used to produce a classification image. Actually, the final 
classification image has the highest probability rule results assigned on a pixel-by-pixel 
basis and contains only the training class number with the class with the highest 
probability as the pixel value. 
5.2.2.2.1 Statistical Classification Method 
The unmixed images (i. e. green and dry vegetation mixture maps with shade removed) 
from mixture modelling were used as rule images to compose thematic maps of interest. 
It is the purpose of this section to develop a classification-based approach using a hybrid 
strategy. Such a strategy makes use of iterative clustering and maximum likelihood 
classification in ENVI. 
5.2.2.2.1.1 Introduction 
Classification-based analysis is a method by which labels may be attached to pixels. The 
labelling is implemented by training a classifier beforehand to recognize pixels with 
fractional similarities. Although, as mentioned in Ch. 1 classification techniques have 
been shown to perform relatively poorly in arid/semiarid environments, Richards and 
Milne (1983) successfully produced a thematic map by classifying PC3 and PC4 of 
Landsat MSS data. Because of the change enhancement offered in the principal 
components they detected fire burns resulting from bush fire events in the intervening 
period of 1979-1980 in the State of New South Wales, Australia. They indicated that the 
principal components transformation was of value not only as a feature reduction tool but 
also a pre-classification enhancement. 
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Rather than principal components transformation, mixture modelling transforms radiance 
data into fractions of the dominant end-members' spectra, which correspond to scene 
components. Its resulting "fraction images" depict the mixing proportions of these end- 
members' spectra and thus, via validation and calibration of field data, identify the 
mixing proportions of the scene's components. Mixture modelling also separates spectral 
contributions of intrinsic scene components from shadow and other effects of 
illumination. Therefore, it should be possible to produce a thematic map by classifying 
unmixed images and making use of the detailed land cover information extracted by 
mixture modelling at a sub-pixel level. 
A hybrid classification procedure outlined below has been applied within this study after 
Fleming et al. (1975). 
Step 1: Use of clustering mixture maps to determine the classes into which the image 
resolves. Class statistics are also produced from this unsupervised step. 
Step 2: To associate the clusters with information classes (ground cover types) using 
available ground truth and reference maps. 
Step 3: To perform a feature selection evaluation in order to decide whether all features 
need to be retained for reliable classification. 
Step 4: To classify the entire image into the set of classes using the maximum likelihood 
algorithm. 
Step 5: To label each pixel in the classification according to the ground cover type 
associated with each class. 
This combined approach has the potential to meet both requirements of supervised and 
unsupervised classification training (Fleming et al., 1975, Schowengerdt, 1983; Richards 
and Milne, 1983; Richards, 1993). It is a rather more logical approach than supervised or 
unsupervised classification training because supervised training does not necessarily 
result in class signatures that are numerically separable in feature space and because 
unsupervised training does not necessarily result in classes that are meaningful to the 
analyst. In the next two sub-sections the hybrid strategy based upon an iterative 
clustering and a maximum likelihood classification is used to classify land covers of 
interest. 
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5.2.2.2.1.2 Clustering 
5.2.2.2.1.2.1 Choice of the Clustering Region 
Clustering is employed in Step 1 to determine the classes in the image. It is recommended that 
about three to six small regions, so-called "candidate clustering regions", be chosen for this 
purpose (Fleming et al., 1975; Richards, 1993). These regions should be well spaced over the 
image and positioned in such a way that each one is seen to contain several of the cover types 
(information classes) of interest as well as all cover types represented in the collection of 
clustering areas. 
Based on the clustering concept mentioned above a clustering for the two unmixed vegetation 
images with shade removed has been undertaken. Figure 5.9 shows the area for five candidate 
clustering regions. These regions consist of 6,400 pixels (80 x 80 pixels) each and have been 
selected to contain most of the major vegetation cover types. 
(a) (b) 
Figure 5.9 (a) Area used for signature generation. It is enclosed in the region outlined in (b). 
The five white-boxed areas are the candidates clustering regions (80 x 80 pixels each). 
5.2.2.2.1.2.2 Clustering Algorithm 
In ENVI, K-Means unsupervised classification is used for clustering. This classification 
technique calculates initial class means that are evenly distributed in the data space and then 
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iteratively clusters the pixels into the nearest class using a minimum distance technique. Each 
iteration recalculates class means and reclassifies pixels with respect to the new means. All 
pixels are classified to the nearest class unless a standard deviation or distance threshold is 
specified, in which case some pixels might be unclassified if they do not meet the selected 
criteria. This process continues until the number of pixels in each class changes by less than 
the selected pixel change threshold or the maximum number of iterations is reached. 
Each of the regions shown in Fig. 5.8 was clustered separately. Using the K-Means 
clustering processor in ENVI, each region generated between five and eleven classes. The 
centres of the complete set of 35 classes were then located on a 2-D scatter plot. When 
clustering was complete the classes were then associated with information classes using 
available reference data from the Jornada LTER project. 
It was then necessary to see whether any classes or clusters could be discarded, or more 
importantly, whether sets of clusters could be merged, thereby reducing their number and 
leading ultimately to a faster classification. Because the classifier to be employed at the next 
stage was a maximum likelihood algorithm, which implements linear decision surfaces 
between classes (Richards, 1994), classes were merged into approximately circular groups as 
shown in Fig. 5.10. In this manner, the number of classes was reduced to nine. Labels were 
attached to each of those (as indicated in Fig. 5.10) by comparing cluster maps to the 
reference data (1998 vegetation map from LTER in Fig. 1.8). Nine categories were clustered 
and established as 1) B: Bare soil; 2) C: Creosotebush; 3) M: Mesquite; 4) AG: Agriculture; 
5) PG: Playa grass; 6) UG: Upland grass; 7) S: Snakeweed; 8) T: Tarbush; and 9) Y: Yucca. 
5.2.2.2.1.2.3 Signature Generation and Results of Classification 
Signatures for the rationalised classes were generated by averaging the means of the 
constituent original set of classes. Maximum likelihood classification was then used. 
Maximum likelihood classification in ENVI assumes that the statistics for each class in each 
image are normally distributed before calculating the probability that a given pixel belongs 
to a specific class. Unless a probability threshold is selected, all pixels are classified. Each 
pixel is assigned to the class that has the highest probability (Richards, 1994). The 
classification map is shown in Fig. 5.11. 
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Figure 5.10 2-D scatter plot showing the original 35 cluster centres (classes) generated. 
Also shown is the class rationalisation adopted. Original classes within the circles were 
combined to form a single class with the indicated mean positions. The labels were 










Figure 5.11 Vegetation classification map of the study area generated by using the 
hybrid unsupervised / supervised methodology. 
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5.2.2.2.1.2.4 Assessment of Classification Accuracy 
Upon completion of the classification procedure it is necessary to assess the accuracy of 
the results obtained. The accuracy of the classification map was assessed in ENVI using 
the LTER 1998 ground truth vegetation map (Figure 1.8). In ENVI, the accuracy of a 
classification result is shown in a confusion (contingency) matrix used to compare a 
classification result with ground truth information. An overall accuracy and the kappa 
coefficient are also reported. 
Table 5.1 shows the results for assessment of classification accuracy. The overall 
accuracy of the statistical classification is 65.4%, which implies that the performance of 
this method is not very good. In general, the larger classes are weighted more heavily in 
the overall accuracy. Values along the diagonal represent the percentage number of 
correctly classified pixels for each class; values along a given row indicate how mis- 
classified pixels are distributed among the classes. T(%) is total classified percentage for 
each class and GT(%) represents ground truth total percentage for each class. 
In terms of assessment, for instance, in tarbush dominated area there shows 9.52% of 
correctly classified pixels in 13.74% of the ground truth total percentage and those mis- 
classified are distribute in snakeweed, upland grass and Yacca areas. It is thus indicated 
that most of mis-classified pixels occurred in the snakeweed area. 
5.2.2.2.2 Mixture Map Threshholding 
5.2.2.2.2.1 Defining Each Type of Land Cover 
All unmixed images from mixture modelling were used in mixture map thresholding 
(MMT). We followed the procedures of Adams et al. (1995) to establish a classification. 
The first step was to define areas on the images that corresponded to known types of 
land 
cover. Mean values of the fractions of the mixture maps (i. e. green and dry vegetation, 
red and white soil, and shade maps) were measured for representative areas on the 
images. Mean values for several types of land cover are plotted in Figure 5.12. The 
ternary diagram defines the proportions of green vegetation (GV), dry vegetation (DV), 
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and soils. The length of the vertical bar and its number defines the range in the fraction 
of shade. The mean values are representative of, but do not define the limits of, the 
prospective classes. Class names were selected to have significance to the observation in 
the field in the context of this study using the classes of the LTER 1998 vegetation map. 
Table 5.1 Confusion matrix used in assessing the accuracy of classification map derived 
from classification based method. 
sw c ag ug m pg t bs y T(%) 
Sw 0 0 5.881 0 0 2.723 3.804 0 0.006 12.414 
C 0 15.591 0 0.013 0.128 0 0 0 0.793 16.525 
AG 0 2.609 0 0 8.137 1.242 0 2.687 0 14.675 
UG 0 0 0 10.49 0 0 0.411 0 0 10.901 
M 0 0 0 0 17.309 0 0 0 0 17.309 
PG 0.025 0 0 0 0.599 6.384 0 0.191 0 7.2 
T 0 0 0 0.012 0 0 9.517 0 2.058 11.588 
BS 1.442 0.326 0.644 0 0 0.062 0 2.604 0.043 5.121 
y 0.051 0.274 0.001 0 0 0 0.004 0.406 3.532 4.268 
GT(%) 1.518 18.801 6.525 10.516 26.172 10.411 13.736 5.888 6.433 100 
Ground truth classes: 1) SW: Sttakeweed; 2) C: Creosotebush; 3) AG: Agriculture; 4) UG: Upland grass; 5) M: Mesquite; 6) PG: Playa grass; /) 1: 1arousn; o) US: stare sou; Y) i: sacca. 
Thematic maps classes: 1) sw: Snakeweed; 2) c: Creosotebush; 3) os: Other shrub; 4) ug: Upland grass; 5) m: Mesquite; 6) pg: Playa grass; 
7) t: Tarbush; 8) bs: Barc soil; 9) y: Yacca. 
T: Total; GT: Ground truth total 
Overall accuracy = 65.4%; Kappa Coefficient = 0.60 
Shade is an important parameter for distinguishing different vegetation types (Adams et 
al., 1995). In Figure 5.11 shade proportions are consistently revealed low in the bush- 
covered areas where the images are not influenced by topographic shading or moisture 
effects on the basin floor. However, that the upland grassed areas (5) have high shade 
proportions because the grassed areas in mountainous regions have complicated 
variations in illumination induced by steep topography and the mean value of shade in 
grassed areas has been influenced by this factor. 
- 169 - 
CHAPTER 5 MAPPING LAND DEGRADATION IN JORNADA ECOSYSTEM 
Soils 
n Inn 
Shade (07., 1 
.,.. ý... ý , ý, GV 100' VXO DV 
(1): Agriculture; (2): Mesquite dominant area; (3): Creosotebush dominant area; (4): Tarbush dominant area; (5): Upland grassed area, (6): 
Playa grassed area; (7): Snakeweed dominant area; (8): Yacca dominant area; (9): Bare soil area. 
Figure 5.12 Mean values of fractions of the types of land cover. 
5.2.2.2.2.2 Defining Limits of Each Type 
The second step in the classification was to define the limits of each class. Fractions of 
the five end-members for each pixel were displayed as a data cluster on a modified 
tetrahedron (Figure 5.13) that could be rotated on the computer screen to show any 
desired projection using the n-dimensional visualiser in ENVI. Class boundaries in the 
data space were established by an interactive process of colour highlighting on 
projections of the data cluster, on histograms of the individual end-members, and on the 
images. Data points highlighted on any one representation of the data were 
simultaneously displayed on the others. All images were used to establish class 
boundaries, because the best example of classes sometimes occurred in different images. 
This empirical method assured that all well understood areas on the image were correctly 
located in the data cluster. 
A satisfactory segmentation of the data cluster and the image required that boundaries be 
established sequentially, and in a particular order (Adams et al., 1995). First, the data 
were divided into two categories based on the shade fraction. In the image studied, a 
threshold of 12% shade separated tarbush and playa grass that are dominant vegetation in 
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silty bottomlands from other types of land cover. A subsequent step subdivided the > 
12% - shade pixels having no soil into levels of DV relative to GV. The remaining < 
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Figure 5.13 Scattergrams of fractions of the five end-members. 
Figure 5.13 shows the scattergrams of fractions of the five end-members. Fractions are 
displayed on projections of modified tetrahedra. The population of pixels is more 
strongly concentrated where the clusters are darkest. A small population of pixels 
extends outside the triangles (fraction <0 or >1). The overflow pixels do not fit the 
sample model based on the five end-members, indicating different compositions, mis- 
registrations at sharp boundaries, or noisy pixels. 
Pixels were categorised after removing shade by re-summing to 1 the fractions of GV, 
DV, and soils (Figures 5.12,5.13, and 5.14). Normalisation removes shade by 
apportioning the shade fraction to the other end-members. Although normalisation 
removes shading well, it is only an approximation in the case of shadows (Adams et al., 
1993). Classes that were defined by normalised fractions were minimally influenced by 
illumination and topography, making it possible, in principle, to define the same classes 
in any image, regardless of illumination conditions. 
Shade 
12% 
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SOIL 
GV 
Figure 5.14 The classification diagram. 
5.2.2.2.2.3 Results of Classification 
m Upland grass 
= Creosotebush 
= Tarbush 
O Playa grass 






Figure 5.14 shows the classification diagram. The ternary diagram divides the pixels, 
based on GV, DV, and soil fractions. The inner, solid triangle encloses fractions between 
0 and 75%. The outer triangle encloses fractions > 75%. The key shows class names 
associated with fraction categories. By defining classes in terms of fractions it was 
possible to determine where most types of vegetation cover would occur in the data 
space. Predictions were checked by using known training areas (i. e. the field-work area 
and the vegetation map). Thus, it was possible to classify types of land cover for the 
whole study area (Figure 5.15). 
To judge whether a pixel was correctly classified spectrally required that the spectral and 
spatial information be reconciled. There is no a priori reason why class names that are 
based on field (spatial) observations should have unique fractions of end-members, 
anymore than they should have unique combinations of DN values (Adams et al., 1995). 
End-member fractions, therefore, can not always be inverted to unique class names. 
Nevertheless, in the Jornada context, the end-member fraction for each pixel 
corresponded to a small number of possible classes. Additional information was needed 
to decide among the possible choices of classes. To avoid premature selection of specific 
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Figure 5.15 Vegetation classification map of the study area generated by using the 
mixture map thresholding methodology. 
5.2.2.2.3 Assessment of Classification Accuracy 
Table 5.2 shows the results for assessment of the classification accuracy. From Tables 
5.1 and 5.2 it is indicated that the mixture map thresholding approach performed much 
better than did the classification based one. The accuracy for each class, estimated by 
dividing the number of correctly classified pixels by the total number of pixels in the 
class is shown in Table 5.3 for both methods. From the results, apart from snakeweed 
and yucca, most vegetation communities have a trustworthy classification accuracy in 
the map produced from mixture map thresholding. In contrast, the classification-based 
method has performed less well. This finding conforms with other studies conducted in 
and / semi-arid environment (e. g. Tucker and Miller, 1977; Huete et al., 1984; Elvidge 
and Lyon, 1985; Huete et al., 1985; Heilman and Boyd, 1986; Ustin et al., 1986; Tueller 
and Oleson, 1989). Thus, the vegetation classification map derived from mixture map 
thresholding was used to distinguish between tarbush-dominated and tarbush-free areas. 
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Table 5.2 Confusion matrix used in assessing the accuracy of classification map derived 
from mixture man thresholdina method. 
sw c ag ug m pg t bs y T(%) 
SW 0.118 0 0.097 0 0 0 0.709 0 2.378 3.302 
C 0 16.6 0 0 0 0 0 0 0 16.6 
AG 0.153 0 6.292 0 0 0.914 0.749 0 0 8.109 
UG 0 0 0 9.979 0 0 0 0 0 9.979 
M 0 0.771 0 0 25.752 0.443 0 0.8 9 0 27.855 
PG 0.12 0 0.136 0 0.421 9.054 0 0.244 0 9.976 
T 0 0 0 0.537 0 0 12.278 0 1.058 13.872 
BS 1.127 0.462 0 0 0 0 0 4.328 0.096 6.012 
y 0 0.968 0 0 0 0 0 0.426 2.901 4.295 
GT(%) 1.518 18.801 6.525 10.516 26.172 10.411 13.736 5.888 6.433 100 
Overall accuracy = 87.3%; Kappa Coefficient = 0.82 
Table 5.3 Accuracy for each class estimated by dividing the number of correctly 
classified pixels by the ground truth total number of pixels classified by the both 
methods. 
Classification based Mixture map thresholding 
sw 0% 8% 
c 83% 88% 
ag 0% 94% 
ug 100% 95% 
m 66% 98% 
61% 87% 
t 69% 89% 
bs 44% 74% 
55% 45% 
Thematic maps classes: 1) sw: Snakeweed; 2) c: Creosotebush; 3) ag: Agriculture; 4) ug: Upland grass; 5) m: Mesquite; 6) pg: Playa 
grass; 7) t: Tarbush; 8) bs: Bare soil; 9) y: Yacca. 
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This vegetation map can be used to outline those areas where the grass cover estimates 
are likely to be in error. Tarbush-dominated areas (i. e. about 14% of the whole study 
area) were masked from tarbush-free areas by setting them to 0. The grass cover 
abundance map in tarbush-free areas can be produced using the linear equation (i. e. Y= 
0.9X - 0.43) relating dry vegetation cover and grass cover. Figure 5.16 shows the grass 
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Figure 5.16 Grass cover map after calibration and density slicing from the unmixed dry 
vegetation map. 
5.2.3 The Shrub/Grass Ratio Map 
Figure 5.17 shows the shrub to grass ratio map derived from unmixed vegetation maps 
obtained through mixture modelling. The range of the result was standardised by 
applying a linear stretch and subsequently re-classed in IDRISI into six classes from 
lowest to highest (i. e. 0-15%, 15%-30%, 30-45%, 45%-60%, 60%-75%, and > 75%) 
showing different levels of shrub to grass ratios. In the map tarbush-dominated areas 
were set to 0 because of the confusion between tarbush and grass. The areas of floodplain 
and river valley along the river are also excluded because there are no shrubs in this 
region. The exclusion of these areas was again using the classified vegetation map. 
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However, in terms of the urban areas (boxed in white) where there are also few shrubs, it 
is recognised that the shrub to grass ratio may be in error. 
= Masked areas 
f 0%-15% 
® 15%-30% 
E: J 30%-45% 
El 45%-60% 
0 60%-75% 
71 > 75% 
Figure 5.17 Shrub to grass cover ratio map derived from mixture modelling. The map 
was re-classed to show different levels of shrub to grass ratios. 
The shrub/grass ratio map is used to illustrate patterns of disturbance on semi-arid 
grassland ranges within the Jornada area. In general, although mesquite is present on all 
soil types the main invasion of mesquite has taken place on sandy soils. As mesquite 
begins to dominate sandy soils, low dunes form and grass cover is greatly reduced 
(Buffington and Herbei, 1965). The reduction of grass cover is prevalent in mesquite- 
dominated sandy areas showing the medium to highest ratio of shrub to grass cover. It 
may be indicated that mesquite-dominated areas are disturbed much more than other 
areas such as gravely uplands. However, the reason the gravely uplands, where the 
creosotebush community is homogeneous over extensive areas, have a mid-low to low 
ratio of shrub to grass can be also because the phenology of creosotebush areas that it 
does not reach its maximum leaf cover until later in the summer whereas mesquite is 
approaching maximum cover at the time of image acquisition. 
- 176 - 
CHAPTER 5 MAPPING LAND DEGRADATION IN JORNADA ECOSYSTEM 
Evidence indicates a strong link between the formation of dense shrublands and grazing 
by domestic livestock (Buffington and Herbei, 1965; Archer, 1989; Skarpe, 1990a and 
1990b; Archer, 1994). Livestock effects (e. g. reduction of herbaceous vegetation) may 
favour woody plant establishment and encroachment into grasslands. The spatial patterns 
of vegetation change associated with livestock production in the Jornada basin can be 
identified by the boreholes, which are shown as red spots in Figures 5.17 (especially 
those boxed in yellow). One of the big boreholes in the area is around South Well boxed 
in red in Figure 5.18. From field ecological evidence bush encroachment generally 
remains confined to an area within 2 km of the boreholes on which production is centred. 
Figure 5.18 A borehole near South Well shown on the shrub to grass ratio map in black 
and white. 
The shrub to grass ratio map can can offer land managers and policy makers a tool for 
defining patterns of shrub increase as well as for defining the current extent of an 
invasion as a basis for targeting control technologies. Moreover, this type of information 
is important in determining current levels of shrub invasion to aid in the design and 
implementation of control programmes. 
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5.3 MAPPING SOIL DEGRADATION 
5.3.1 Introduction 
Eroded or degraded soils are often recognised through typical soil colour changes, which 
are due to the removal of topsoil. Hill et al (1996) refers to basic concepts which 
consider soil development to be either progressive or regressive with time. Under 
progressive development, soils become well differentiated by horizons, and horizon 
contrasts become stronger. In contrast, regressive pedogenesis refers to the addition of 
material to the surface at a rate that suppresses soil formation (e. g. eolian dunes) or the 
suppression of pedogenesis and the truncation of soil horizons by surface erosion. 
Both progressive and regressive pedogenesis cause alterations of the soil surface. The 
organic matter content of the topsoil material provides important diagnostic features for 
the spectral identification of a majority of undisturbed soils. Compared to that, soil 
erosion produces truncated soil profiles, which are characterised by decreasing amounts 
of iron oxides and organic carbon while the proportion of parent rock fragments 
increases. 
The resulting concept, which is based on the spectral contrast between developed 
substrates and parent materials, and changes in organic carbon and iron seem to provide 
a widely applicable framework for relating spectrally detectable surface phenomena to 
soil conditions, thereby satisfying an important requirement for the successful 
application of remote sensing techniques (Hill, 1993). However, the validity of such 
concepts has to be carefully analysed in the context of the specific physiographic 
conditions under which they should be applied. Modifications might be required, for 
example, in cases of extreme aridity where soil-forming processes do not permit the 
accumulation of noticeable amounts of organic components (Hill et al., 1996). 
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5.3.2 Mapping Soil Degradation and Landforms Using Mixture Soil Maps 
It is hypothesized that a white soil / red soil ratio map (Figure 5.19) can provide an 
index that is sensitive to disturbance of soil resources. In our case, white soil 
indicates the truncated soil profiles and red soil the developed substrates. The 
difference of soil colours is strongly related to disturbance and seems to be abundant 
enough to alter reflectance characteristics. It is an indicator that should be considered 
in a monitoring system (Warren and Huchinson 1984). Similar recommendations are 
made by Otterman (1981) based on research in the Negev. 
5.3.2.1 Hill Slopes 
These two broad classes of soils that can be distinguished using aerial photographs. 
Figure 5.20(a) shows the aerial photograph taken by Jornada LTER on 12`h August 
1996 near Summerford Mountain with the scale of 1: 6500. The true colour aerial 
photograph was scanned with the resolution of 300 dpi and split into red, green, and 
blue by using AGFA-ARCUII. In the case of the hill slopes the aerial photographs 
show that in areas of fluvial erosion there is less red and more white soil, thus the 
method of Hill et al. (1996) seems to work. 
Away from the mountain front (see Figure 5.20 (b)) the fans coalesce to form an 
alluvial apron or bajada shown in the aerial photograph (Figure 5.20 (a)). Distally, 
fan deposits merge with gullies, lake or windblown deposits, and form part of a 
continuous suite from mountain source to basin centre. 
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Figure 5.19 White soil to red soil ratio map. The map is used to provide an index of 
disturbance of soil resources. 
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Figure 5.20 (a) The aerial photograph in the boxed area of Figure 5.20 (b) shows the two 
broad classes of soils that can be distinguished by visual interpretation. The index maps 
(Figures 5.20 (b) and (c)) are the white soil to red soil ratio maps. 
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In terms of stone pavements, many old spreads of alluvial gravel and residual talus 
slopes in and regions have developed an armour of closely packed stones, one or two 
stones thick, over a layer of fine sediment several centimetres to metres thick (Springer, 
1958; Cooke, 1970; McFadden et al., 1985; 1987; Wells et al., 1985). Such stony 
pavements are rough and fine particles are conspicuously absent from the uppermost 
layer. They were long believed to represent the residual surfaces of regions lowered and 
levelled almost entirely by deflation. Cooke (1970) summarised evidence that deflation 
is only one among many processes that may produce desert pavements, depending on 
climate and topographic setting. Wainwright et al. (1995 and 1999) demonstrate that 
fluvial erosion is also an important process. 
5.3.2.2 Stone Pavements 
Figure 5.21 shows surface stone pavements near the Dona Ana Moutains with evidence 
of removal of the surface horizons and complex topography due to the presence of 
gullies, rills, and surface erosion (Wainwright et al. 1995 and Wainwright et al. 1999). In 
the case of stone pavements whether they are mapped as red soil, white soil, or shade 
depends on both the soil substrate and the reflectance properties of the rock fragmens 
that dominate the surface. In the region shown in Figure 5.21 (a) the rocks are dark and 
are erroneously mapped as shade. Thus problems with the method of Hill et al could 
occur due to substrate spectral variability. 
Stone pavements are not only ubiquitous desert features in the Jornada area; they are best 
developed where vegetation is absent. There may be a good reason for this: pavement 
areas have characteristics that adversely influence plant growth. In a study in Yuma 
County, Arizona, for example, Musick (1984) showed that, compared with adjacent non- 
pavement areas, pavement soils had relatively high salinity, relatively high exchangeable 
sodium percentage (i. e. high alkalinity), and relatively low infiltration capacity. Of these 
factors, Musick thought that the last was most important because low infiltration capacity 
would tend to keep water near the surface, where it does little good to plants. 
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Lack of vegetation also promotes particle concentration processes. Pavements are 
particularly common where coarse and fine particles co-exist in a deposit and where 
generally unsorted alluvial deposits occur, such as in the areas of smooth, gently sloping 
surfaces between channels on the upper part of alluvial fans, and on the debris aprons on 
and adjacent to mountains fronts. Pavements do not even have many salt-tolerant or 
alkali-tolerant plants. They are habitats that shed water to promote growth in adjacent 












Figure 5.21 (a) The surface erosion pavements near Donä Ana Moutain with evidence of 
removal of the surface horizons and complex topography due to the presence of gullies, 
rills, and surface erosion. The index maps (Figures 5.21 (b) and (c)) are the white soil to 
red soil ratio maps. 
5.3.2.3 Desert Crusts 
Desert crusts are the products of specific hydrological or pedological processes which are 
characteristic of and and semi-arid environments. Calcrete crust is one of the four main 
types of desert crusts (the others are silcrete, gypcrete, and salcrete). Figure 5.22 shows a 
flat plateau landscape created by incision through the calcrete. In the case of the calcrete 
crusts erosion has exposed these substates (Figure 5.22 (a)) and because calcrete has a 
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high reflectance they are mapped as white soils. Thus, the Hill et al. method seems to 
work. 
Calcrete crusts can mantle extensive areas of desert terrain, protecting the underlying 
materials from sub-aerial weathering and erosion by wind and water. By retarding the 
denudation of desert landscapes, the crusts often preserve relict landforms and can play 
an important role in the accumulation of thick sedimentary sequences in and 
environments (Nash et al., 1994; Twidale and Campbell, 1995). In doing so, desert crusts 
influence the geomorphology and sedimentology of these environments to a far greater 






Figure 5.22 (a) A flat plateau landscape created by incision through the silicified 
calcrete, the products of specific hydrological or pedological processes, and 
characteristic of and and semi-arid environmens. The index maps (Figures 5.22 (b) and 
(c)) are the white soil to red soil ratio maps. 
5.3.2.4 Playas 
In contrast to desert pavements and desert crusts, playa areas (Figure 5.23) are within 
enclosed desert drainage basins marked by almost horizontal, largely vegetation-free 
surfaces of fine-grained sediments. In the case of playas, the fine-grained sediments 
have 
a high reflectance and are mapped as having a high white soil content. 
These sediments 
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are formed by deposition of the eroded materials from the hill slopes and thus can not be 
considered as indicating soil degradation by water and thus do not conform with the 
hypothesis of Hill et al. However, they form locations prone to wind erosion and in this 













Figure 5.23 (a) Playa areas within enclosed desert drainage basins marked by almost 
horizontal, largely vegetation-free surfaces of fine-grained sediments. The index maps 
(Figures 5.23 (b) and (c)) are the white soil to red soil ratio maps. 
Playas are receptacles for sediment and water, and their nature is in a large measure 
determined by their sedimentary and hydrological properties. As erosion-depositional 
systems their character is a function of many interrelated variables, the most important of 
which are groundwater, runoff, surface water, pore water, sediments, salts, aeolian 
processes, and chemical and biological reactions (Torersen et al., 1986). These variables 
affect the nature of surface morphology, deposition and diagenesis, and the input and 
output of material. 
Although there is considerable variability among playas, a number of common 
characteristics emerge. The most obvious of these is that playas occupy topographic 
lows, though not necessarily the lowest areas in enclosed drainage basins because small 
playas can develop almost anywhere in relatively flat and landscapes. Playas usually 
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have vegetation-free surfaces, particularly at their lowest elevations. Episodic flooding 
and salt accumulation discourage vegetation growth, although halophytic plants and 
shallow-rooting grasses may be established (Osterkamp and Wood, 1987). Grassed 
playas exist alongside bare clay surfaces suggesting small variations in soil alkalinity and 
wind action (Boocock and Van Straten, 1962). 
Surface degradation, particularly by deflation is a significant factor in playa 
development, and is essential for the maintenance of small basins in the landscape 
(Fryberger et al., 1988). Although the development of evaporite and clay crusts can 
protect surfaces from deflation, the lack of a protective vegetation cover, high sodium 
concentrations (Le Roux, 1978), the development of wind-susceptible clay desiccation 
curls and pellets (Bowler, 1973; Bowler and Wasson, 1984), surface breakdown by salt 
weathering (Goudie and Watson, 1984) and presence of the groundwater table (Fryberger 
et al., 1988), may result in the presence of fringing dunes (Bowler, 1973; Lancaster, 
1978; Goudie and Thomas, 1986), though particles may be transported further afield 
(Young and Evans, 1986). 
5.3.2.5 Dunes 
In the Jornada area, dunes formed around plants (nabkhas) are usuallly called coppice 
dunes and are assosiated with mesquite. On coppice dunes blowouts (Figure 5.24(a)) are 
widespread. Blowouts are elliptical sand-free hollows in otherwise vegetated dunes. 
Blowouts everywhere have their longer elliptical axis parallel to the main wind direction. 
They are smaller on the upward-sloping portions of the original dune surface, and larger 
on dune crests and downwind slopes. 
Plants are certainly an important element of dune surfaces in the less and sand seas, 
while the surfaces of the less mobile dune types may in fact provide ideal conditions for 
plant growth in and environments because of the water-retention properties of dune sand 
(Tsoar and Moller, 1986). A partial plant cover may also play an important role in 
modifying windflow (Ash and Wasson, 1983; Wasson and Nannings, 1986) and trapping 
sediment on dune surfaces (Flenley et al., 1987), While the degree of dune surface 
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vegetation cover has been identified as an important control determining the level of 
surface activity on linear dunes (Wiggs et al., 1994; 1995a; 1995b). Vegetation can 
directly cause the accretion of sand and consequently the development of small dunes. 
(b 
- 
Figure 5.24 (a) Blowouts having their longer elliptical axis parallel to the main wind 
direction. They are smaller on the upward-sloping portions of the original dune surfaces, 
and larger on dune crests and sownwind slopes. The index maps (Figures 5.24 (b) and 
(c)) are the white soil to red soil ratio maps. 
Shrub invasion, which lowers the roughness height, increases surface drag and sediment 
entrainment, causes blowouts. The overall sequence of shrub invasion is an initial 
decline associated with grass reduction, a secondary plateau associated with shrub 
encroachment, and ultimate soil erosion (Warren and Hutchinson, 1984). In the 
sequence, erosion of the soil surface is an active part of the process of rangeland 
degradation in the Jornada area (Gibbens et al., 1993). Patterns of the disturbance are 
patchy. Most exposed patches re-vegetate naturally in a short period of time, only a 
minority becoming blowouts (Jungerius and Van der Meulen, 1989). As the blowouts 
deepen the surface red soil horizon is blown away exposing whiter subsurface horizons, 
thus increasing the white/red soil ratio (Figure 5.24 (b) and (c)). 
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Wind erosion produces blowouts. Wind is increasingly funnelled through a deepening 
devegetated area (Olson, 1958; Nordstrom et al., 1986; Rasmussen, 1989). Windspeeds 
reach a maximum in the base of the hollow, and produce double vertical-axis vortices, 
sweeping sand from the base towards the sides (Hails and Bennet, 1980). There is first a 
positive feedback process: erosion increases as the blow-out deepens, but then negative 
feedback as the blow-out expands, funnelling becomes less pronounced, and an 
equilibrium shape is reached. Enlargement may continue at a decelerating pace, but 
eventually sand can not be carried up the steepened slopes, and there may be 
spontaneous stabilisation. Erosion may also be halted if a hard or wet basement is 
uncovered by erosion (Hefley and Sidwell, 1945). 
Finally, it therefore appears that the method of Hill et al. soil degradation assessment is 
generally applicable in Jornada and can explain aspects of both water and wind erosion. 
However, there are problems associated with the spectral variability of rock types on 
stone pavements. 
5.4 MAPPING GRAZING GRADIENTS 
5.4.1 Introduction 
Long-term effects of livestock grazing include increases in spatial and temporal variation 
of vegetation and soil resources after the reduction of cover of palatable vegetation, 
increase of bare soil exposed to erosive effects, and increase of unpalatable woody 
vegetation, etc. In the and / semi-arid Jornada ecosystem, vegetation is commonly 
sparsely distributed in space resulting in a heterogeneous horizontal pattern of vegetation 
patches alternating with areas of bare soil (Noy-Meir, 1973). Vegetation patches have 
been identified as the basic structural and functional units of ecosystem processes 
(Bisigato and Bertiller, 1997). 
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Most of the spatial variability due to grazing occurs because animals are confined by fences 
and must rely on wells or dams for drinking water. Animal movement to and from these 
watering points produces radial patterns with grazing impact decreasing with distance from 
water, or star shapes with axes of concentration extending into those landscape types that are 
more preferred by animals due to more palatable forage (Pickup and Chewings, 1988). Thus, 
grazing intensity can be evaluated directly using distance from fences or water and spatial 
patterns produced by grazing animals (Pickup et al., 1998). 
Figure 5.25 (a) shows the South Well borehole depicted on all mixture maps (i. e. (al) green 
vegetation, (a2) dry vegetation, (a3) total vegetation, (a4) red soil, (a5) white soil, and (a6) 
the shrub to grass ratio map. Changes in vegetation structure, measured using the shrub to 
grass ratio, show the strongest gradients of grazing impact. 
Thomas et at. (1994) indicated that there are two widely recognised components of 
ecosystem change associated with borehole- and well-focused grazing systems. They are 1) 
bare or sacrifice zones adjacent to the water source which are as much a consequence of 
trampling as of grazing, and 2) shrub-encroached zones that develop where grazing pressures 
are most concentrated. Figure 5.25(b) shows the change in the grazing area with distance 
from the watering point around South Well using four transects shown on (al). It is obvious 
that in our case a shrub-encroached zone is found around the South Well borehole, however, 
no sacrifice zone is obvious at the spatial resolution of Landsat TM. 
5.4.2 Development of A Method for Mapping Grazing Response 
A well documented large-scale heterogeneity in grazing utilisation is the decreasing grazing 
intensity with increasing distance from surface water (Valentine, 1947; Lange, 1969; 
Martens, 1971; Hart et al., 1993; Pickup and Chewings, 1994). The resulting heterogeneous 
pattern of utilisation might well be regarded as an intrinsic property of grazing. If grazing 
utilisation is heterogeneous at a given patch scale, then none of the patches might experience 
the mean grazing pressure (Weber et al., 1998). Hence, scaling up vegetation response to the 
landscape level based on mean values of grazing pressure might deviate greatly from 
predictions by models incorporating heterogeneity. Noy-Meir (1981) showed the problems 
arising from neglecting spatial heterogeneous inputs are non-linear. He concluded that 
incorporating spatial heterogeneity is crucial for models of and ecosystems. 
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Figure 5.25 (a) Grazing gradient shown on mixture maps. (b) Spatial data profiles 
showing the change in grazing area with distance from the watering point around South 
Well using four transects shown on (a 1). 
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A large number of factors influence grazing, acting and inter-acting over a range of 
scales from the individual plant to the patch, the landscape and the regional scale. For 
instance, at the small scale, heterogeneity in soil properties (Schlesinger et al., 1990; 
Tongway and Ludwig, 1994) generates heterogeneity in local water availability affecting 
forage quantity and quality, due to phenlogical or floristic differentiation (Gammon and 
Roberts, 1978; MacDonald, 1978; Tongway and Ludwig, 1990). Thus, livestock 
encounters heterogeneity in forage quantity and quality, which are two major 
determinants of site selection for grazing (Senft et al., 1985). The behavioural 
determinants of livestock grazing would lead to spatial heterogeneity in the temporal 
distribution of the grazing impacts (Hobbs, 1996) even on a range with completely 
homogeneous soil, water and nutrient resources. 
The patterns of spatial heterogeneity can be detected by calculating the ratio of the 
vegetation abundance in a high grazing impact area to that in a neighbouring benchmark 
region where the impact of grazing is limited or significantly smaller (Pickup and 
Chewings, 1998). Concentrating on the vegetation response means that the effects of 
degradation can be detected even with inverse grazing gradients where total cover 
decreases with distance from water due to an increase of woody shrubs in the vicinity of 
water. 
As mentioned in Chapter one, the islands of fertility are created when rainfall infiltration 
and the associated biotic activity are confined to the soil beneath shrubs while the barren 
land around it suffers from overland flow after precipitation (Abrahams and Parsons, 
1991). They alter the distribution patterns of water and nitrogen and increase the spatial 
and temporal heterogeneity of soil and its colour (Schlesinger et al., 1990). The 
alterations of soil surface are detectable due to corresponding colour changes (Hill et al., 
1996; Hill et al., 1998). For example, truncated soils are characterised by decreased 
amounts of iron oxides and organic carbon while the proportion of rock fragments 
increase. 
To sum up, although complex feedback mechanisms in plant-animal 
interactions 
contribute to the spatial structuring of grazing impacts on the range we make a couple of 
assumptions for detecting grazing gradients using the unmixed images. 
First, we presume 
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that shrub and white soil proportions are grazing heterogeneity variables and grass and 
red soil ones palatable variables. Since increased proportions of vegetation cover and 
white soil are the results of heterogeneity they indicate that it may be occurring. We then 
presume that the existence of non-homogeneous spatial patterns of grazing utilisation can 
be exhibited by calculating a grazing response ratio for each pixel in the unmixed 
images. As to calculate a grazing respose ratio we are not directly detecting grazing 
hetrogeneity at a spatial resolution below that of the sensor (<30m). The grazing 
response ratio is formulated as: 
GR(VS+Sw) /(Vg+Sr) (5-1) 
in which GR is the ratio; VS and Vg are the vegetation proportional values for shrubs and 
grasses respectively; Sr and SW are the proportional values for red soil and white soil 
respectively. The equation should allow the detection of grazing effects from the 
variations in vegetation and soil responses by calculating a ratio for total proportional 
values of grazing heterogeneity variables (i. e. VS and SW) and those of palatable variables 
(i. e. Vg and Sr) because ratioing makes for a robust procedure to compare two different 
categories of variables (Pickup and Chewings, 1998). 
5.4.3 Results and Discussions 
Figure 5.26 shows the grazing response ratio map derived from unmixed images 
obtained through mixture modelling. The histogram range of the result was standardised 
by applying a linear stretch and subsequently re-classed in IDRISI into five classes from 
lowest to highest (i. e. 0-15%, 15%-30%, 30-45%, 45%-60%, and >60%) showing 
different levels of grazing response ratios. The levels of grazing response ratios were 
used to indicate those areas of grazing heterogeneity related to land degradation. The 
grazing response ratio map has been masked and set to 0 in areas of tarbush and 
irrigation agriculture. 
As noted, the grazing response ratio map is used to illustrate patterns of grazing 
heterogeneity within the Jornada area. In general, where the ratio is high, the grazing 
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heterogeneity intensifies, and the landscape is degraded. If the ratios of pixels remain 






= > 60% 
Figure 5.26 Grazing response ratio map derived from the results of mixture modelling. The 
map was re-classed to show different levels of grazing response ratios. 
Grazing heterogeneity can be evaluated directly using distance from fences and watering 
points using two selected transact lines around the location of South Well (Figure 5.27). 
Figure 5.28(a) shows the example that results when grazing heterogeneity increases with 
distance from fences possibly because of bare zones away from fences which are as 
much a consequence of trampling as of grazing. In contrast, grazing heterogeneity 
decreases with distance from water in Figure 5.28(b) because of shrub-enhanced zones 
that develop where grazing pressures are concentrated around the water source. 
However, livestock grazing is a complex process, the controls of which are not directly 
linked to the resulting spatio-temporal pattern of utilisation (Weber et al., 1998). Rather, 
the controls, filtered by the animals' perception, act on a repertoire of behavioural rules. 
Thus, under a given set of controls (e. g. fences), a particular utilisation is expressed in 
Figure 5.26. 
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Figure 5.27 Two transect lines around the location of South Well. 
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Figure 5.28 Example results showing that grazing heterogeneity increases with distance 
from fences (a) but decreases with distance from water (b). 
The examples presented above show that the grazing response ratio varies along grazing 
gradients and can detect change in rangeland condition. Information on rangeland trends 
attributable to grazing is therefore available. The sensitivity of the method is high, in 
particular where the landscape contains a mix of pasture types and soil erosion features 
because we have considered and applied both vegetation and soil conditions as 
environmental indicators of land degradation. 
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5.5 CONCLUSIONS 
1) This chapter is designed to produce maps for the three indicators of land degradation 
(i. e. shrub to grass ratio, soil degradation, and the grazing response ratio). 
2) In terms of mapping a shrub to grass ratio map differences in the timing of green-up 
between shrubs and grasses are used to distinguish between shrub cover and grass 
cover through the mixture maps of green and dry vegetation which are also used to 
derive a total vegetation cover map by summing them. 
2 3) Green vegetation displays a reasonably strong relationship (R = 0.93) with green 
shrub cover measured in most areas except the tarbush-dominated ones. Thus, a 
shrub cover abundance map can be produced using the linear equation related to 
green vegetation cover and green shrub cover though the lack of greenness in 
tarbush- dominated areas limits the utility of the method in these areas. 
4) Dry vegetation does not display such a strong relationship (R2 = 0.67) with dry grass 
cover measured in the field, especially, those estimates in the tarbush-dominated 
areas. This result may be because tarbush which is the dominant shrub on disturbed 
silty bottomlands has phenological patterns so similar to grasses that they can not be 
satisfactorily distinguished. Therefore, it is not possible to correlate dry vegetation 
with dry grass in the tarbush-dominated areas (i. e. the disturbed silty bottomlands) 
because the amount of dry vegetation cannot be considered as that of grass cover 
only. 
5) The tarbush-dominated areas should be ignored at this time of year and a further 
image acquired at the end of the summer growing season when the grasses have died 
off but tarbush still exhibits high green cover. 
6) However, in the case that no September/October image is available, it is necessary to 
produce a map which can be used to distinguish between tarbush-free and tarbush- 
dominated areas. In order to achieve this, the statistical classification method was 
used on two vegetation mixture maps, and on all mixture maps, a mixture map 
thresholding method for classification of vegetation communities was implemented. 
The accuracy of these two methods was then evaluated. 
7) The results shows that the mixture map thresholding approach performed much better 
than did the classification-based one. Thus, the vegetation classification map derived 
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from mixture map thresholding was used to distinguish between tarbush-dominated 
and tarbush-free areas. 
8) This vegetation map can be used to outline those areas where the shrub to grass ratio 
estimates are likely to be wrong. Tarbush-dominated areas (i. e. about 14% of the 
whole study area) were masked from tarbush-free areas by setting them to 0. 
Consequently, the grass cover abundance map in tarbush-free areas can be produced 
using the linear equation (i. e. Y=0.9X - 0.43) relating dry vegetation cover and 
grass cover. 
9) The shrub / grass ratio map is used to illustrate patterns of disturbance on semi-arid 
grassland ranges within the Jornada area. Because the shrub to grass ratio map can 
depict the degradation associated with boreholes well, it can potentially offer land 
managers and policy makers a tool for defining patterns of shrub increase as well as 
for defining the current extent of an shrub invasion as a basis for targeting control 
technologies. Moreover, this type of information is important in determining current 
levels of shrub invasion to aid in the design and implementation of control 
programmes. 
10) In terms of mapping soil degradation and landforms using soil mixture model 
inversion, it seems likely that a white soil / red soil ratio map can provide an index 
that is sensitive to disturbance of soil resources. 
11) In terms of mapping grazing heterogeneity although complex feedback mechanisms 
in plant-animal interactions contribute to the spatial structuring of grazing impacts on 
the range we presume that the existence of non-homogeneous spatial patterns of 
grazing utilisation can be exhibited by calculating a grazing response ratio. 
12) The grazing response ratio varies along grazing gradients and can detect change in a 
pixel rangeland condition. Information on rangeland trends attributable to grazing is 
therefore available. The sensitivity of the method is high in particularly where the 
landscape contains a mix of pasture types and soil erosion features because we have 
considered and applied both vegetation and soil conditions as an environmental 
indicator of land degradation. 
- 195 - 
CHAPTER 6 MONITORING TRENDS IN LAND DEGRADATION 
6. MONITORING TRENDS IN LAND 
DEGRADATION 
6.1 INTRODUCTION 
6.2 DATA ACQUISITION AND PRELIMINARY DATA PROCESSING 
6.3 MIXTURE MODELLING OF TM IMAGES 




In the last chapter, unmixed images were used to produce maps (i. e. a shrub / grass ratio 
map, a white soil / red soil ratio map, and a grazing response ratio map) of land 
degradation at Jornada. Both the production and the interpretation of such maps, in the 
thematic context of land degradation, allow us to make concise conclusions about land 
surface conditions. The results derived from the mixture modelling approach have been 
shown to be capable of mapping the spatial land degradation status in the Jornada 
ecosystem. In this chapter, particular attention is paid to the evaluation of the approach 
and its ability to monitor temporal land-cover change. 
Land cover change is both a cause and a consequence of environmental change 
(Henderson-Sellers, 1994, Meyer and Turner, 1994). It is important that land-cover data 
be available to facilitate the understanding of links between land cover and 
environmental changes. A practical means to acquire such data at appropriate spatial and 
temporal scales is through remote sensing (Foody and Boyd, 1999). 
Remote sensing techniques have been of assistance in mapping and monitoring 
rangeland change (Warren and Hutchinson, 1984; Smith et al., 1990; Franklin and 
Tuner, 1992). Changes observed in remotely sensed data can complement other 
ecological assessments for restoring rangelands (Yool et al., 1997). Both restoration and 
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long-term management efforts require the location and monitoring of spatial patterns of 
change. 
Satellite remote sensing is a virtual data source that permits the repeated monitoring 
of the land degradation dynamics (Hill and Peter, 1996). The basic premise in using 
remote sensing data for change detection is that changes in land cover result in 
changes in radiance values (Mas, 1999). It is also assumed that changes in radiance 
due to land cover changes are larger than those caused by other factors such as 
differences in atmospheric conditions, soil moisture and sun angles. 
There are many methods of mapping and monitoring land cover with remotely sensed 
data (Singh, 1989; Quarmby and Cushnie, 1989; Coppin et al., 1996; Jensen, 1996). 
Change-detection approaches can be grouped into three broad categories (or 
headings) characterised by specific data transformation procedures and analysis 
techniques to delimit areas of significant change: 1) image enhancement, 2) multi- 
date data classification, and 3) the comparison of two independent land cover 
classifications (Mas, 1999). The image enhancement approach (such as subtraction of 
images), which is one of the most widely used, involves the mathematical 
combination of images from different dates for the subtraction of images (Mas, 
1999). Thresholds are then applied to the enhanced image to isolate any pixels that 
have changed (Singh, 1989). 
Based on the image enhancement approach, the main aim in this chapter is to see how 
the methods developed in the previous chapter can be used to detect change, and to 
confirm that shrub expansion and soil degradation have occurred in the Jornada 
experimental range (JER), causeded by both climatic and human-induced parameters 
(e. g. drought and livestock grazing). In the JER area 105,700 acres are used for 
grazing (Buffington and Herbei, 1965) with an additional 38,775 acres, that were 
originally included in the grazing area that are now leased to the White Sands Missile 
Range (WSMR), are used in this study (Figure 6.1). 
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Figure 6.1 Jornada Experimental Range bordered by fence lines. 
6.2 DATA ACQUISITION AND PRELIMINARY DATA PROCESSING 
6.2.1 Data Acquisition 
In the previous chapters, it is obvious that we are able to derive environmental 
parameters (e. g. total vegetation cover and the shrub to grass ratio) using 1996 TM 
imagery. The need to estimate land cover repeatedly means that Landsat TM remains an 
attractive source of data, which are widely and regularly available at a reasonable cost. 
With TM coverage going back to 1984, it is possible to construct a history of 10-year 
land cover change from archived data. Such Landsat TM data are used to map and 
identify land cover change in the Jornada area. 
In terms of choosing appropriate images from the archives, we have to consider some 
factors about data acquisition. These factors include: 1) phenological vegetation 
differences, 2) cloud cover, 3) image availibility, and 4) sun angle differences. Basically, 
from the 1984-1995 daily rainfall data shown in Figure 6.2, we see that 1986 was a 
relatively dry year, like 1996 (see Figure 5.2), even though there was some rain in. 
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We can presume that the 1986 drought resulted in soil moisture conditions that would 
adversly affect the growth of perennial vegetation, making 1986 exhibit a similar 
phenology to 1996. Thus, we focused on archived 1986 data. 
For selecting a candidate image, we initially consider the first factor about 
phenological vegetation differences. Theoretically, one of the basic requirements for 
avoiding confusion in phenological cycles is the availability of two ideal anniversary 
images of the same area (Mas, 1999). Therefore, according to Mas (1999), this would 
be the 23rd June. However, due to the second and third factors it was not possible to 
obtain the exact anniversary data. Thus, the materials used for detecting land cover 
change are two Landsat TM data sets, acquired within two weeks of the same date 
(i. e. 12 June 1986 and 23 June 1996). Finally, the impact of sun angle differences 
may be partially reduced by selecting data from the same season (Singh, 1989). Both 
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Figure 6.2 1984 - 1995 daily rainfall data from weather station 
in the Jornada LTER. 
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6.2.2 Preliminary Data Processing 
In terms of change detection, the following assumptions are made: 1) land-cover changes 
due to land degradation will modify spectral responses, and 2) their magnitude will be 
sufficient to be detected. Although the digital manipulation of remotely sensed data can 
yield more accurate change detection than the visual inspection of the images, there are 
precautions to be taken, particularly in the early stages of the image acquisition and 
processing. Yool et al. (1997) have indicated that the main factors which complicate the 
detection of changes using multi-temporal and multi-spectral data sets obtained with the 
same sensor system are: 1) image registration, and 2) time-dependent differences in 
radiometric responses. 
6.2.2.1 Image Registration 
Image registration and rectification were performed using the ENVI software. A network 
of 21 ground control points used in the 1996 image were selected from the 1986 data set. 
The nearest neighbour re-sampling approach, which preserves the recorded radiance, was 
used because the comparison of the original values is important in the studies of change 
detection (Jensen, 1996). 
Typically, a registration error of approximately one pixel tolerance is allowed in change 
detection studies (Eastman and Mckendry, 1991). Once the RMS registration error had 
been minimised to less than 0.024 TM per pixel, polynomial warping, using the nearest 
neighbour re-sampling method, was employed to create the warped image on a UTM 
projection. An average error of less than one pixel was considered sufficient to represent 
significant spatial patterns of land-degradation change trends. Figure 6.3 shows the two 
warped images, which both cover the whole Jornada experimental area. 
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Figure 6.3 Two warped images for change detection in the Jornada experimental range. 
Both images are false colour composites of band 7 (red), band 4 (green), and band 2 
(blue). Figure 6.2 (a) shows the 1986 TM image and figure 6.2 (b) shows 1996 TM 
image. 
6.2.2.2 Image Radiometric Correction 
Mechanisms that affect the measured brightness values of the pixels in an image can lead 
to two broad types of radiometric distortion (Richards, 1993). First, the relative 
brightness distribution in a given band can be different than that in the ground scene. 
Secondly, the relative brightness of a single pixel can be distorted from band to band 
when compared with the spectral reflectance character of the corresponding region on the 
ground. Both types of distortion can result from the atmosphere as a transmission 
medium through which radiation travels from its source to the sensors, or as a result of 
instrumentation effects. 
Two image data sets require that images obtained at different times be comparable in 
terms of their radiometric characteristics. This usually does not happen, even for images 
generated by the same sensor, for several reasons: changes in radiometric performance 
over time, variations in solar illumination conditions or atmospheric scattering and 
absorption. Therefore, if any two data sets are to be used for quantitative analysis based 
on radiometric information, they ought to be adjusted to compensate for radiometric 
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divergence (Mas, 1999), using a relative Radiometric Normalisation (RN) between 
multi-date images. 
In terms of applying an RN we used a method based on the Automated Scattergram- 
Controlled Regression (ASCR) developed by Elvidge et al. (1995). The step uses the 
same spectral bands for two dates to produce a scattergram and define the regression 
line. The 1986 band 3 values were regressed against the 1996 band 3 values using a 









Figure 6.4 The relationship between 96TM band 3 and 86TM band 3. 
The next step was to define the regions of `no-change' using the scattergram. As both 
images were taken during the dry season, spectral changes due to phenological 
vegetation differences were expected to be lower than changes due to land cover 
transformation. For this reason, the pixels close to the regression line were assumed to be 
the ones showing no changes between the two dates, and therefore used to perform 
radiometric normalisation. 
A histogram-matching procedure was performed in order to carry out the relative image- 
to-image radiometric normalisation. Histograms for the digital numbers within the two 
multi-date images were computed, based on values for pixels belonging to the selected 
sub-area labelled as `unchanged' on the scattergram analysis. 
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Statistics of the subscenes were calculated. The predicted 1996 values obtained from the 
regression line were then compared with the real 1996 band 3 values by subtracting. If 
the difference was higher than a threshold value, the pixels were considered to have 
changed and were excluded from the histogram calculation. A threshold value of 12.5 
allowed us to isolate 5% of the pixels, which presented more important spectral 
variations between the two dates. 
The histogram for the 1986 image matched that of the 1996 image, because it presented a 
significantly smaller range of data than the 1996 image. Histogram matching was carried 
out using histograms based only on values for pixels classified as without change in the 
regression analysis. After normalisation, the 1986 statistics were similar to those for the 
1996 image (Table 6.1). 
Table 6.1 Statistics for the 1986 and 1996 images before and after radiometric 
normalisation. 
Band 1 Band 2 Band 3 Band 4 Band 5 Band 7 





After radiometric normalisation 
Mean 1986 matched 
o 1986 matched 
182.21 110.20 174.14 143.84 238.81 148.42 
97.52 54.18 83.15 84.24 163.91 96.39 
12.01 10.23 18.14 17.82 12.88 10.78 
11.20 7.74 13.44 13.33 22.74 15.65 
97.37 54.61 82.96 84.73 162.79 96.25 
10.98 7.59 13.46 13.52 22.58 14.88 
6.3 TM IMAGE MIXTURE MODELLING 
6.3.1 Introduction 
In this section, it is our goal to apply mixture modelling to the two TM images after 
radiometric normalisation. Mixture modelling requires the identification of the purest 
pixels associated with a particular material, obtained by consulting the extreme parts of 
scattergrams originating from the principal component analysis. The final output consists 
of proportional mixture maps depicting concentrations of individual endmembers 
calculated for each pixel. 
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6.3.2 Endmember Selection 
We used these same procedures in chapter 4 to select endmembers from both images. 
Figure 6.5 shows both pcl against pc2 scattergrams with endmembers for shade (S), 
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Figure 6.5 Scattergrams for pc 1 and pc2 used in determining the endmembers in both images. 
Figure 6.6 shows both pc2 against pc3 scattergrams with endmembers for dry vegetation 
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Spectrally distinct endmembers were determined and then used to locate the corresponding pixels 
on the image, allowing for the extraction of endmember signatures from the original spectral 

















Band Number Band Number 
Figure 6.7 Spectra of potential endmembers from the 96 image (a) and the 86 image (b). 
Each endmember's physical properties were identified based on the observation of surface 
materials in the field. The selected endmembers were proxies for five broad categories of 







GV: Greenvegetation; DV: Dry vegetation; WS: White soil; RS: Red soil; SH: Shade 
Figure 6.8 Endmembers shown for each TM band 3: (a) the 96 image and (b) the 86 image. 
Based on the results in Figures 6.5-6.8, it is obvious that the pc scattergrams are similar in shape, 
the endmember spectra are also similar (apart from that for white soil 2), and the locations of the 
endmembers are similar. This suggests that the method provides repeatable results that can be 
used for mixture modelling. 
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6.3.3 Spectral Unmixing 
Once the endmembers were chosen, we ran the LICMM spectral unmixing model. According 
to Table 4.5 the use of the purest pixel reflectances to build up the GV2, DV, RS 1, WS 1, and 
shade (method 2-2) spectral signature in the 1996 image provided the best characterisation of 
the surface components. In the same manner, we also unmixed the 1986 image using method 
2-2. Mixture maps representing the land-cover abundance for each type of land cover, where 
shade has been removed, are shown in Figures 6.9 and 6.10. Figure 6.9 shows vegetation 
cover mixture maps and Figure 6.10 those of soil cover. In these unmixed images, higher 
abundances are represented by brighter pixels, within a data range of 0 to 100%. Figures 6.9 
and 6.10 also show the difference mixture maps of each land cover type derived from the 











Figure 6.9 Mixture maps showing green vegetation cover (al, a2, and a3), dry vegetation cover 
(b 1, b2, and b3), and total vegetation cover (c 1, c2, and c3); (a 1), (b 1), and 
(c 1) are derived from 
the 86 image; (a2), (b2), and (c2) are derived from the 96 image; (a3), (b3), and (c3) are 
derived 
by subtracting the 1986 image from the 1996 image. 
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Figure 6.10 Mixture maps showing red soil cover (al, a2, and a3), white soil cover (bl, 
b2, and b3), and total soil cover (c 1, c2, and c3); (a 1), (b 1), and (c 1) are derived from the 
86 image; (a2), (b2), and (c2) are derived from the 96 image; (a3), (b3), and (c3) are 
derived by subtracting the 1986 image from the 1996 image. 
From these mixture maps we would like to see if we can pick out any land-cover change. 
First of all, we presume that if land degradation did occurr between 1986 and 1996 then, 
on average, we would expect to see an increase in green vegetation due to increased 
shrub cover, a decrease in dry vegetation due to decreased grass cover, and a decrease in 
red soil and an increase in white soil, due to soil degradation. When we calculated the 
averages for the mixture maps (Table 6.2) this is indeed what we found. 
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Table 6.2 Statistics for both the 1986 and 1996 mixture maps. 
1986 Image 1996 Image 
Mean Mean 6 
GV 8% 7% 12% 7% 
DV 25% 8% 19% 8% 
TV 33% 9% 31% 9% 
RS 47% 9% 45% 9% 
WS 20% 8% 24% 8% 
TS 67% 10% 69% 10% 
GV: Green Vegetation; DV: Dry Vegetation; TV: Total Vegetation; RS: Red Soil; WS: White soil; TS: Total Soil. 
However, Warren and Huchinson (1984) suggest that the total vegetation cover may 
actually increase when shrub invasion is severe. Table 6.2 shows a slight decrease in the 
total cover, from 1986 to 1996, suggesting that this may be a useful indicator of land 
degradation after all, particularly when used in combination with other indicators. When 
we consider the difference images (Figures 6.9 and 6.10) though, there are areas of 
positive change (shown in white) that can be explained by degradation, there are also 
areas shown in black where there is negative change, which might suggest some 
recovery or the successful use of land degradation alleviation measures or errors due 
differences in physiology, calibration etc. 
6.3.4 Detecting Changes in Mixture Maps 
6.3.4.1 Green Vegetation Cover 
Changes at specific locations can also be shown and monitored on zoom-in mixture 
maps. In most cases, we concentrated on the landscape types most favoured for grazing, 
since it is here that degradation and recovery are most likely to be more pronounced 
(Pickup et al., 1998). Figures 6.11 (al)-(a3) show green vegetation cover changes around 
the South Well borehole in the 1986,1996, and the difference images. The spatial 
variability due to grazing occurs because the animals must rely on wells for drinking 
water. Animal movements to and from the South Well watering point produce a radial 
pattern while grazing impact decreases with the distance from the water. 
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These figures can be used to assess how green vegetation cover change occurred. We 
found that 53% of the pixels showed positive change and 46% negative change between 
1986 and 1996. The 7% difference indicates that vegetation cover change was the 
dominant occurrence in the area during this period of time. The mean value of the cover 
increase was 3% and the standard deviation 2%. An increasing green vegetation cover 
trend, due to shrub invasion, which corresponds to worsening conditions, can thus be 
interpreted. 
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Figure 6.11 (a) South Well borehole depicted on the 1986,1996, and difference mixture 
maps showing green vegetation cover. (b) Spatial data profiles showing changes in green 
vegetation cover with the distance from the watering point. 
- 209 - 
CHAPTER 6 MONITORING TRENDS IN LAND DEGRADATION 
The four transects in Figure 6.11 (al) are used to illustrate the spatial data profiles which 
show changes in the green vegetation (shrub) cover with the distance from the watering 
point. Figures 6.11 (bl)-(b4) show the variation in transect patterns associated with 
animal disturbances. The vegetation cover shows a downward trend away from the 
borehole, however there is a large variation from pixel to pixel with a range in cover of 
betweenbetween 15% to -6% within 2.5 km from the watering point. The trends indicate 
a grazing-induced build-up of unpalatable woody shrubs (e. g. Pickup et al., 1994; Booth 
et al., 1996), as well as showing an inverse gradient in which green vegetation cover 
decreases rather than increases with the distance from the water. 
The results point towards a way of explaining some of the variability of green vegetation 
change by discerning factors (i. e. distance from the watering point) that are open to 
quantitative analysis in order to identify patterns of change. Using these figures (i. e 
Figures 6.11 (bl)-(b4)) it is possible that we can identify several prominent features of 
the profiles. For instance, in Figure 6.11 (b 1) the profile is noisy and a dramatic change 
in the underlying trend pattern after 1.25 km is identified. Peering a little more closely 
there is a suggestion that 0.7 km and 1.7 km are unusually low and the distance between 
1.25 km and 1.75 km has the appearance of a transitory phase. 
6.3.4.2 Dry Vegetation Cover 
Figures 6.12 (al)-(a3) show dry vegetation cover in 1986,1996, and the difference 
images. It seems that grasses are at great risk of grazing-induced mortality. A gradient, 
extending as far as 2.5 km from the watering point, indicates substantial grazing impact 
with little recovery. These figures can be used to evaluate the occurrence of dry 
vegetation cover change. 37% of pixels in this region show positive change and a 62% 
negative change between 1986 and 1996. The 25% difference indicates that a decrease in 
grass cover was the dominant occurrence in the area during this period. The mean value 
of the decrease was 4% with a standard deviation of 3%. Thus a decreasing trend in dry 
vegetation (grass) cover, which corresponds to worsening conditions, can be deduced. 
When grass density is reduced it is assumed that over-grazing has disturbed the area 
rendering grass sites available for shrub colonisation (Weber et al., 1998). 
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Figure 6.12 (a) South Well borehole on the 1986,1996, and difference mixture maps 
showing dry vegetation cover. (b) Spatial data profiles showing the changes in dry 
vegetation cover with the distance from the watering point. 
The four transects in Figures 6.12 (b 1)-(b4) have patterns of variation that show general 
upward trends with a large range of variation between 23% to -13% within 2.5 km of the 
watering point. In general, a comparison of the 1986 and 1996 dry-vegetation cover 
values provides further support for the idea of decreasing grass cover though there is 
much variation between transects. 
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6.3.4.3 Red Soil Cover 
Vegetation changes affected the surface energy balance and the water balance in the 
grazing affected areas (Richardson et al., 1979; Carlson et al., 1990). The herbaceous 
standing crop (Bently, 1898; Scifres, 1980; Gibbens et al., 1996) and leaf area decrease 
(Gibbens et al., 1996). These changes in the spatial distribution and the community 
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Figure 6.13 (a) South Well borehole on the 1986,1996, and difference mixture maps of 
red soil cover. (b) Spatial data profiles showing the changes in red soil cover with the 
distance from the watering point. 
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There was a 39% positive change and a 59% negative change between 1986 and 1996. 
The 20% difference indicates that a decrease in red soil cover was the dominant 
occurrence in the area during this period. The mean value of the decreased red soil cover 
change was 9% and the standard deviation 7%. Figures 6.13 (b1)-(b4) exhibit the 
patterns that have an upward trend (especially in Figure 6.13 (b4)) but again with a large 
variation. In this case the range is 65% to - 45% within 2.5 km of the watering point. 
6.3.4.4 White Soil Cover 
Figures 6.14 (al)-(a3) show the white soil cover changes in the area. A 66% positive 
change and a 30% negative change was found between 1986 and 1996. Thus there is a 
36% increase in the area of white soil cover during this period. The mean value of the 
increased white soil cover change was 7% and the standard deviation 6%. It was 
suggested in chapter 5 that this increase in white soil and decrease in red soil suggests 
soil degradation due to erosion., however, in this sub-area some high white soil cover 
changes were found outside the grazing gradient probably because a high concentration 
of kangaroo rats. In the process of digging their mounds, banner-tail kangaroo rats bring 
large amounts of petrocalcic fragments to the surface and this process could have 
produced white surface gravel at the sites via their burrowing activities (Warren and 
Hutchinson, 1984). 
6.3.4.5 Total Soil Cover 
Thus far, our results support the view that aspects of spatial grazing strongly affect 
rangeland dynamics (Coughenour, 1991), in accordance with the hypothesis that any 
vegetation cover change ultimately leads to increasing heterogeneity of soil resources 
in 
semi-arid areas (Schlesinger et al., 1990). Figures 6.15 (al)-(a3) show the total soil cover 
changes around the South Well borehole as in the 1986,1996, and the difference 
images. 
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Figure 6.14 (a) South Well borehole on the 1986,1996, and difference mixture maps of 
white soil cover. (b) Spatial data profiles showing changes in white soil cover over 
distance from the watering point. 
These figures show a 58% positive change and a 41% negative change between 1986 and 
1996. Figure 6.15 (b 1)-(b4) exhibit the total soil variation patterns associated with 
disturbances. The patterns of variation show primarily upward trends (except in Figure 
6.15 (b 1)) with a range of variation between 92% to -35% within 2.5km of the watering 
point. The trends are due to the high vegetation cover in the vicinity of the borehole. 
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Figure 6.15 (a) South Well borehole on the 1986,1996, and difference mixture maps of 
total soil cover. (b) Spatial data profiles show the change in total soil cover over distance 
from the watering point. 
6.3.4.6 Total Vegetation Cover 
A comparison of the 1986 and 1996 cover values will provide much insight into the 
reaction of grassland species to an increase in shrub cover. In general, decreasing grass 
cover is accompanied by increasing shrub cover. Figures 6.16 (al)-(a3) show the total 
vegetation cover changes. 
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Figure 6.16 (a) South Well borehole on the1986,1996, and the difference mixture maps 
of the total vegetation cover. (b) Spatial data profiles showing changes in vegetation 
cover with the distance from the watering point. 
These figures show that a 48% positive change and a 52% negative change between 
1986 and 1996. The 4% difference indicates that a slight decrease in the total vegetation 
cover occurred in the area during this period. The mean value of the decrease being was 
7% and the standard deviation 6%. This decrease in the total vegetation cover probably 
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occurred because the initial grass cover decreased dramatically due to livestock grazing 
but the shrub cover did not increase proportionately. 
Figures 6.16 (bl)-(b4) exhibit variations in the total vegetation cover associated with 
disturbances. The gradient within 2 km from the water has relatively flat curves with a 
high variation between 31% to -21. Most of the vegetation cover change values are less 
than 0 which indicates a general reduction in vegetation cover regardless of the distance 
from the water point. 
The examples presented above in general, showed an increase in green vegetation (or 
shrub) cover, a decrease in dry vegetation (or grass) cover accompanied by a decrease in 
total vegetation cover. As vegetation-change progressed in this area, a decrease in red 
soil cover and an increase in soil degradation (or white soil cover) occurred which were 
associated with changes in vegetation composition, leading to an overall increase in the 
total amount of soil cover. 
However, according to the results in Section 5.4, changes in the land-cover structure 
indicated by the shrub to grass ratio map or other land degradation indicator maps can 
show more subtle grazing impacts. Thus, producing shrub to grass ratio difference maps 
and other difference maps of land degradation indicators (i. e. the red to white soil ratio 
and the grazing respose ratio) is an important step to understanding the land-degradation 
changes between 1986 and 1996. 
6.4 IDENTIFYING TRENDS IN LAND DEGRADATION 
6.4.1 Introduction 
In this section an attempt is made to produce change detection maps of the shrub to grass 
ratio, the white to red soil ratio, and the grazing response ratio. To 
do this we need to 
map the land degradation indicators, as we did in the last chapter 
for the 1986 image, 
where relevant information (e. g. field data, air photos, or maps) 
is not available. 
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6.4.2 Producing Change Detection Maps for the Land Degradation Indicators 
As mentioned in Section 6.3, mixture modelling can provide reasonable results for 
Landsat TM data. Based on this, we presume that the results from the 1986 image will 
also have a similar significant relationship with the field data, which were not collected 
when the image was acquired. Using the same significant relationships between both 
mixture modelling results and the field data as for the 1996 image as well as all the same 
procedures as implemented in Chapter 5. 
It is assumed that 1986 June green cover should also be correlated with shrub cover. A 
1986 shrub cover abundance map can be produced using the 1996 linear equation related 
to both parameters (i. e. green vegetation cover and green shrub cover). To produce a 
grass cover abundance map the 1996 vegetation classification map derived from mixture 
map thresholding was used to distinguish between tarbush-dominated and tarbush-free 
areas for the 1986 image. Tarbush-dominated areas were masked from tarbush-free areas 
by setting them to 0. The grass cover abundance map in tarbush-free areas was produced 
using the 1996 linear equation (i. e. Y=0.9X - 0.43) relating dry vegetation cover and 
grass cover. From this data we derived shrub to grass ratio, white to red soil ratio, and 
grazing response ratio (Figure 6.13 (a2), (b2), and (c2)) maps for 1986 using the 
techniques outlined in chapter 5. 
Using these maps we would also like to see if we can detect land degradation change 
efficiently. First of all, we assume that if land degradation did occur between 1986 and 
1996, then, on average, we would expect to see increases in all three indicators. The 
shrub to grass ratio should increase due to higher shrub cover and decreased grass cover. 
The white to red soil ratio should increase due to increased white soil cover and 
decreased red soil cover, and the grazing response ratio should increase because it is a 
combination of this soil and vegetation information. When we calculate the average for 
these land-degradation indicators maps this increase is indeed what we found (Table 
6.3), and the average changes are larger than those for the individual mixture maps 
suggesting that they are more sensitive to change. 
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Figure 6.17 Maps of the shrub to grass ratio (al, a2, and a3), the white soil to red soil 
ratio (b 1, b2, and b3), and the grazing response ratio (cl, c2, and c3); (al), (b 1), and (cl) 
are derived from the 86 image; (a2), (b2), and (c2) are derived from the 96 image; (a3), 
(b3), and (c3) are derived by subtracting the 1986 image from the 1996 image. 
Table 6.3 Statistics for the 1986,1996, and 1996-1986 mixture maps. 
1986 Image 1996 Image 1996-1986 Image 
Mean 6 Mean 6 Mean a 
S 
17% 7% 29% 8% 12% 7% 
G 
ws 
20% 10% 59% 12% 29% 9% 
RS 
(S+W) 
35% 13% 64% 16% 29% 11% 
(G+R) 
S: Shrub; G: Grass; WS: White Soil; RS: Red Soil. 
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6.4.3 Detecting Changes Through Land Degradation Indicator Mapping 
6.4.3.1 Shrub to Grass Ratio Map 
Figures 6.18 (al)-(a3) show the shrub to grass ratio changes around the South Well borehole 
in the 1986,1996.84% of the region showed an increase and a 16% a decrease between 
1986 and 1996. The 68% difference indicates that shrub encroachment and decreased grass 
cover were the dominant occurrence in the area during the period of time. The mean value of 
the shrub to grass ratio change was 12% and standard deviation 7%. 
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Figure 6.18 (a) South Well borehole in the 1986, 1996, and the difference mixture maps of the 
shrub to grass ratio. (b) Spatial data profiles showing changes in the shrub to grass ratio with the 
distance from the watering point. 
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Figures 6.18 (b 1)-(b4) show that the transects exhibit a high variation but generally show 
a downward trend with a range of variation between 45% to -15% within 2.5 km of the 
watering point. The trends imply that the encroachment of woody shrub species has 
occurred. 
6.4.3.2 White to Red Soil Ratio Map 
The white to red soil ratio serves to quantify the soil degradation by soil erosion and can 
be used to describe ecosystem conditions. A positive change of 88% and a negative 
change of 12% was detected between 1986 and 1996. The 76% difference indicates that 
soil degradation was the dominant occurrence in the area during this period of time. The 
mean value of the white to red soil ratio change was 29% and the standard deviation 9%. 
Figures 6.19 (bl)-(b4) exhibit patterns of variation that have a downward trend and the 
range of variation falls between 90% to 10% within 2.5 km of the watering point. Sites 
near livestock watering points have the greatest white to red soil ratio suggesting that 
they suffer the most severe degradation. The large amount of change suggests that the 
method is more sensitive than the individual mixture maps at mapping soil soil 
degradation. 
6.4.3.3 Grazing Response Ratio Map 
Figures 6.20 (al)-(a3) show the grazing response ratio There was an 89% positive 
change and an 11% negative change between 1986 and 1996. The 78% difference 
indicates significant areas shrub encroachment and soil. Thus the sensitivity of the 
method seems high in comparison with the other methods, and one might expect that this 
will particularly be the case where the landscape contains a mixture of pasture types, 
natural soil erosion, and deposition features. Figures 6.20 (bl)-(b4) illustrate the patterns 
of variation. The transects generally show downward trends and a large range (between 
90% to 10% within 2.5 km of the watering point). 
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Figure 6.19 (a) South Well borehole on the 1986,1996, and the difference mixture maps 
of the white to red soil ratio. (b) Spatial data profiles showing changes in the white to red 
soil ratio with the distance from the watering point. 
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Figure 6.20 (a) South Well borehole on the 1986,1996, and the difference mixture maps 
of the grazing response ratio. (b) Spatial data profiles showing changes in the grazing 
response ratio with the distance from the watering point. 
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In general all three indicators of degradation showed overall increases. The mean values 
of the increases were much greater than those for the original mixture maps as were the 
standard deviation values. Thus changes in the land-cover structure indicated by the 
shrub to grass ratio map and other land degradation indicator maps show more obvious 
grazing impact. 
These methods are also more efficient than conventional ground-based vegetation 
sampling, because the measurement of the grazing gradient on a single occasion requires 
at least seven man-workdays (Bastin et al., 1993). Thus such change detection methods 
have wide applicability in the Jornada rangelands and also have great potential for 
applications elsewhere. 
6.5 DISCUSSIONS 
The methods developed in the previous chapter can be used for detecting and identifying 
changes regarding land degradation. Moreover, they also indicate that shrub expansion, 
soil degradation, and grazing heterogeneity did occurr between 1986 and 1996. The 
general trends cited by Schlesinger et al. (1990), including the increased heterogeneity of 
soil resources in and lands, are consistent with the fragmented patterns of land cover 
change detected in the Jornada Experimental Range. However, with only 30m pixels, the 
Landsat TM has an insufficient spatial resolution to confirm or refute Schlesinger's 
islands of fertility hypothesis. 
Since vegetation growth in the Jornada area is highly variable and dependent on moisture 
availability, a complete evaluation of land degradation processes will require the 
incorporation of additional years of data and expanded field validations. The integrated 
interpretation of the satellite-derived information layer, available climatic records, and 
results from detailed field studies should provide new perspectives 
for understanding 
land degradation processes in the Jornada area. 
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The need to estimate land cover repeatedly in order to monitor landscape dynamics 
means that Landsat TM and MSS are an attractive source of data. With MSS coverage 
back to 1972 and TM to 1984, it may be possible to prepare a more comprehensive 
history of vegetation cover change from this archived data, if mixture modelling of MSS 
data is used as we did for Landsat TM in the Jornada rangeland. Therefore, further work 
is acquiring MSS images could provide further documentation of the vegetation cover 
changes over time. 
6.6 CONCLUSIONS 
The main aim of this chapter was to see how the methods developed in the previous 
chapter could be used to detect changes. In terms of choosing the appropriate images 
from the archive, we considered some factors about data acquisition, such as: 1) 
phenological vegetation differences, 2) cloud cover, 3) image availibility, and 4) sun 
angle differences. 
Image rectification and registration were performed in order to apply mixture modelling 
to the 1986 and 1996 TM images. We then used the procedures described in chapter 4 to 
select endmembers for both images. Once the endmembers were chosen, we ran the 
LICMM spectral unmixing model on the images. Mixture maps representing the land- 
cover abundance for each type of land cover where shade had been removed were 
obtained. 
When we calculated the averages for the mixture maps of the 1986 and 1996 images we 
found an increase in green vegetation due to increased shrub cover, a decrease in dry 
vegetation due to decreased grass cover, a decrease in red soil and an increase in white 
soil due to soil degradation. Moreover, when we considered the difference images, 
though there are areas of positive change (shown in white), that can be explained by 
degradation, there are also areas, where there is negative change, that might suggest 
recovery or the successful use of land degradation alleviation measures. 
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Using the relationships between the mixture modelling and field data found for the 1996 
image, the procedures in Chapters 4 and 5 were implemented, and maps of the shrub to 
grass ratio, the white to red soil ratio, and the grazing response ratio were derived for 
1986. Following this difference maps of these land degradation indicators were derived. 
Mixture modelling suggested that shrub expansion and soil degradation had occurred in 
the Jornada experimental range (JER), caused by both climatic and human-induced 
parameters (e. g. drought and livestock grazing) between 1986 and 1996. The results 
suggest that these methods are helpful for mapping changes in the land-cover structure, 
as indicated by the shrub to grass ratio and other maps for land degradation indicator, 
which can show more obvious grazing impact gradients than the mixture map 
differencing. 
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7. CONCLUSIONS AND FUTURE WORKS 
7.1 CONCLUSIONS 
7.2 FUTURE WORKS 
7.1 CONCLUSIONS 
This research aims to determine the effectiveness of satellite remote sensing, and in 
particular the technique of linear mixture modelling, for mapping and monitoring land 
degradation in the semi-arid Jornada Basin, Southern New Mexico, USA. In order to 
achieve this aim we set out to compare remote sensing approaches for mapping surface 
characterisation of the land-degradation phenomena in the Jornada ecosystem. 
The Jornada ecosystem shows signs. of progressive vegetation cover change and soil 
erosion. Several periods of extended drought and intensive grazing are thought to be the 
major contributing factor to this destruction. The apparent results of such destruction are 
shrub encroachment and the formation of islands of fertility. The gradual conversion of 
grassland to a woody perennial canopy alters the water and nitrogen distribution patterns 
and increases the spatial and temporal heterogeneity of the soil. Having identified 
vegetation change and soil deterioration as the main observable symptoms of land 
degradation, we undertook a background review of current interpretations of this 
phenomenon within the Jornada study area. 
Most of our study has been carried out in the Jornada intermontane basin. Three 
geomorphic types can be identified: silty bottomland, sandy upland and gravely upland. 
The soils in this area are closely related to geomorphic surfaces and to the nature of 
materials. Where soils have been truncated to varying degrees, the patterns are complex 
because dissection has caused abrupt changes in particle size. 
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Remote sensing is considered to be a potential tool for the investigation of the land 
degradation. It has the potential to overcome staff and fiscal restrictions, as well as to 
facilitating extensive and intensive land-degradation processes. Thus, the relevance of 
various surface-mapping techniques using remotely sensed imagery in the 
characterisation of land degradation becomes apparent. A comparison of such techniques 
confirmed the feasibility of our research in terms of detection and monitoring of land 
degradation. 
Vegetation cover is an important factor for this study. The vegetation of the study area 
may be sub-divided semiarid grassland and Chihuahuan desert scrub with extensive 
zones of mixed desert scrub and grassland. The phenological diversity of the plants is 
important to this research, especially in acquisition of remotely sensed imagery. In dry 
years, shrubs benefit from an earlier and longer growing season than grasses because 
access to deep soil water permits the early growth of woody species and because of this 
shrubs appear to be able to pre-empt herbaceous growth by up to three months prior to 
the first rains. Thus in dry years the phenology between shrubs and grass cover is distinct 
towards the end of June. Thus this period appears to be an optimum time for obtaining 
Landsat imagery in the Jornada area. 
The most commonly used methods to estimate vegetation cover are spectral vegetation 
indices, regression relationships of reflectance to ground data, and linear mixture 
modelling. To compare these different approaches we have applied them to a Landsat 
TM image of the study area, where we collected ground measurements of vegetation 
cover at the time of the satellite overpass. We measured green vegetation cover, NPV, 
and total vegetation in the field and compare all three estimates of cover to these 
techniques. 
The results of the comparison of these techniques suggest that mixture modelling 
provides good estimates of all types of vegetation cover and explained more variance in 
vegetation cover than any other method. LICMM performed 
better than the 
unconstrained mixture model, confirming the findings of Settle and 
Drake (1993) that 
constraining the model provides better results. Moreover, removing the effect of shade 
provides further minor improvements to these relationships. 
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Many of the relationships between the vegetation indices and the various vegetation 
cover measurements are not significant or resulted in low R2 values. Among the spectral 
vegetation indices, TSAVI performed best for green vegetation cover (R2 = 0.72) while 
PD54 did best for NPV cover and total vegetation cover (R2 = 0.65 and R2 = 0.75 
respectively). However, most of the best R2 values for vegetation indices are lower than 
those of the individual TM spectral bands. 
Mixture modelling has two further advantages over vegetation indices and single band 
regressions. First, it can be used to correct for the effects of shade and secondly it can be 
used to estimate the percentage cover of green vegetation, NPV and total vegetation 
cover whereas the latter methods can only be used to estimate a single type of cover. 
Moreover, mixture modelling is much more powerful than any of individual bands and 
the vegetation indices because it can also be used to estimate other land covers (e. g. 
soils). 
Mixture maps of the above-mentioned land-covers can be used to produce maps for the 
three indicators of land degradation (i. e. the shrub to grass ratio, the soil degradation, and 
the grazing response ratio). In terms of mapping the shrub to grass ratio differences in 
the timing of green-up between shrubs and grasses are used to distinguish between shrub 
cover and grass cover through the mixture maps of green and dry vegetation which are 
also used to derived a total vegetation cover map by summing them. 
Green vegetation displays a reasonably strong relationship (R2 = 0.93) with green shrub 
cover in most all except the tarbush-dominated ones. Thus, a shrub cover abundance map 
can be produced using the linear equation related to green vegetation cover and green 
shrub cover though the lack of greenness in tarbush-dominated areas limits the utility of 
the method in these areas. However, dry vegetation does not display such a strong 
relationship (R2 = 0.67) with dry grass cover measured in the field, especially, those 
estimates in the tarbush-dominated areas. 
This result is because tarbush, which is the dominant shrub on disturbed silty 
bottomlands, has phenological patterns at this time that are so similar to grasses that they 
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can not be satisfactorily distinguished. Therefore, it is not possible to correlate dry 
vegetation with dry grass in the tarbush-dominated areas. The tarbush-dominated areas 
should therefore be ignored at this time of year and it is necessary to produce a map that 
could be used to distinguish between tarbush-free and tarbush-dominated areas. In order 
to achieve this, the statistical classification method was used on two vegetation mixture 
maps, and on all mixture maps, a mixture map thresholding method for classification of 
vegetation communities was implemented. The accuracy of these two methods was then 
evaluated. 
The results shows that the mixture map thresholding approach performed much better 
than did the classification-based one. Thus, the vegetation classification map derived 
from mixture map thresholding was used to distinguish between tarbush-dominated and 
tarbush-free areas. Tarbush-dominated areas (i. e. about 14% of the whole study area) 
were masked from tarbush-free areas by setting them to 0. Consequently, the grass cover 
abundance map in tarbush-free areas can be produced using the linear equation (i. e. Y= 
0.9X - 0.43) relating dry vegetation cover and grass cover. 
The shrub/grass ratio map illustrates patterns of disturbance in semi-arid grassland within 
the Jornada area and can potentially offer land managers and policy makers a tool for 
defining patterns of shrub increase as well as for defining the current extent of an 
invasion as a basis for targeting control technologies. Moreover, this type of information 
is important in determining current levels of shrub invasion to aid in the design and 
implementation of control programmes. 
In terms of mapping soil degradation and landforms using soil mixture model inversion, 
it seems likely that a white soil / red soil ratio map can provide an index that is sensitive 
to disturbance of soil resources. The map also suggsets that the soil degradation 
assessment method of Hill et al. is generally applicable in Jornada and can explain 
aspects of both water and wind erosion. However, there are problems associated with the 
spectral variability of rock types on stone pavements. 
The shrub to grass ratio and the red to white soil ratio can be combined into a single 
index that we have called the grazing response ratio. The sensitivity of the method is 
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high, particularly where the landscape contains a mix of pasture types and soil erosion 
features, because we have considered and applied both vegetation and soil conditions as 
an environmental indicator of land degradation. 
In terms of change detection mixture modelling suggested that shrub expansion and soil 
degradation had occurred in the Jornada experimental range area, produced by both 
climatic and human-induced parameters (e. g. drought and livestock grazing) between 
1986 and 1996. When we calculated the averages for the mixture maps of the 1986 and 
1996 images we found an increase in green vegetation due to increased shrub cover, a 
decrease in dry vegetation due to decreased grass cover, a decrease in red soil and an 
increase in white soil due to soil degradation. Moreover, when we considered the 
difference images, though there are areas of positive change (shown in white), that can 
be explained by degradation; there are also areas shown as black, where there is negative 
change, that might suggest recovery or the successful use of land degradation alleviation 
measures. 
Using the same significant relationships and the same procedures for the 1996 image, we 
derived maps of the shrub to grass ratio, the white to red soil ratio, and the grazing 
response ratio for 1986 image. These indicators of degradation showed increases in the 
shrub to grass ratio, the white to red soil ratio, and the grazing response ratio. Based on 
these results we conclude that these methods are more sensitive to change than mixture 
map differencing and can be used for detecting and identifying changes due to land 
degradation. The results, which can show more obvious grazing impact, are helpful to 
detect and describe changes in the land-cover structure. 
Successful mapping and monitoring of and / semi-arid environments will ultimately 
depend on the availability of appropriate technology, suitable data and image processing 
methods. Many image processing techniques, such as spectral vegetation indices, are 
focused narrowly on single factor (e. g. vegetation) on the assumption that other factors 
(e. g. soils and the lighting conditions) can be ignored. Our experience suggests that this 
limited focus can result in mis-interpretation of the spectral content of images and can 
not obtain a very accurate result. 
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This research has shown that regional patterns of land degradation can be readily mapped 
by using mixture modelling. We separated green vegetation and dry vegetation from the 
other surface components (i. e. red soil and white soil) and from the effects of differential 
illumination and instrument response. The endmembers found in the Jornada area appear 
to be representative of the broad types of vegetation and soils in the southern New 
Mexico, suggesting that the results of this study may be extended to other similar 
regions. Consequently, mixture modelling could be applied to a broader data set in the 
future. However, before this is done further research is necessary as outlined below. 
7.2 FUTURE WORKS 
Using images acquired in June we were unable to discriminate between grass covered 
areas and those dominated by tarbush. To help overcome this problem it would be 
fruitful to acquire further images at the end of the summer growing season when the 
grasses have died off but tarbush still exhibits high green cover. Thus further study is 
necessary to determine how best to use the phenology of vegetation cover in order to 
distinguish among vegetation communities if we intend to derive more accurate shrub to 
grass ratio map and other maps of interest. 
Although long-term retrospective monitoring of environmental change during the past 16 
years appears to be feasible by analysing Landsat TM images (available since 1984), an 
integrated interpretation of satellite-derived information layers from Landsat MSS 
system (available since 1976) could be expected to provide a longer term perspective for 
understanding land degradation processes in the Jornada area. Thus it would be useful to 
investigate the utility of applying mixture modelling to the Landsat MSS data archive. It 
would also be useful to validate the change the detection methods 
developed in this 
theseis. This could be done by implementing the same study in a few years time so that it 
would be possible to validate change between that year and 1996. 
One of the surprising results of this study is that mixture modelling can provide useful, 
though somewhat qualitative information on soil degradation. However, the reliability 
and transferability of this method needs to be investigated 
before it can be applied 
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regionally with any confidence. Thus it would be useful to investigate the physical and 
spectral properties of white and red soils to determine exactly how their spectral 
properties relate to soil degradation. 
For soil erosion investigation, vegetation cover is one of the dominant controls. Although 
remotely sensed data are only used for investigating vegetation cover in this research it 
might be possible to use them to monitor the temporal and spatial distributions of many 
of the other parameters required by soil-erosion models such as soil texture, organic 
matter, soil moisture, and evapotranspiration. Therefore, there is a lot more research to 
do in order to make full use of remote sensing data in evaluating land degradation within 
the region. 
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